Proceedings of IIASA Working Seminar on Energy Modeling, May 28-29, 1974 by Häfele, W. et al.
Proceedings of IIASA Working 
Seminar on Energy Modeling, 
May 28-29, 1974





Häfele, W., Manne, A.S. and Charpentier, J.P. (1974) Proceedings of IIASA Working Seminar on Energy 
Modeling, May 28-29, 1974. IIASA Collaborative Paper. Copyright © May 1974 by the author(s). 
http://pure.iiasa.ac.at/174/ All rights reserved. Permission to make digital or hard copies of all or part of this 
work for personal or classroom use is granted without fee provided that copies are not made or distributed for 
profit or commercial advantage. All copies must bear this notice and the full citation on the first page. For other 
purposes, to republish, to post on servers or to redistribute to lists, permission must be sought by contacting 
repository@iiasa.ac.at 
. -- 
INTERNATIONAL INSTITUTE FOR llASA APPLIED SYSTEMS ANALYSIS 
C O N F E R E N C E  P R O C E E D I N G S  c p - 7 4 - 3  \ 
SCHLOSS M E N  BURG 
236 1 Laxen burg 
AUSTRIA 

I n t e r n a t i o n a l  I n s t i t u t e  
f o r  
A p p l i e d  Systems A n a l y s i s  
PROCEEDINGS 
OF 
IIASA WORKING SEMINAR 
ON 
ENERGY MODELLING 
May 28-29, 1974 
S c h l o s s  Laxenburq 
2 36 1 Laxenburq 
A u s t r i a  
The views expres sed  a r e  t h o s e  o f  t h e  
c o n t r i b u t o r s  and n o t  n e c e s s a r i l y  t h o s e  of  
t h e  I n s t i t u t e .  
The I n s t i t u t e  assumes f u l l  r e spons i -  
b i l i t y  f o r  minor e d i t o r i a l  changes made i n  
grammar, s v n t a x ,  o r  wording ,  and t r u s t s  t h a t  
t h e s e  m o d i f i c a t i o n s  have n o t  abused t h e  s e n s e  
o f  t h e  w r i t e r s '  i d e a s .  
TABLE OF CONTENTS 
L i s t  of P a r t i c i p a n t s  .................................. 1 
Agenda ............................................... 6 
In t roduc to ry  Remarks by t h e  I n s t i t u t e  D i r e c t o r  
H .  Ra i f fa  ........................................... 8  
In t roduc to ry  Remarks by t h e  Energy P r o j e c t  Leader 
W .  ~ a f e l e  ........................................... 10 
PAPERS PRESENTED 
E l e c t r i c i t y  and Energy Systems 
.......... Daniel  B l a i n ,  Robert J a n i n ,  and P. Bernard 1 4  
Discussion ........................................... 30 
A Comparison o f  Mathematical Models f o r  Long-Term 
Plznning o f  t h e  Economic Operatinq and Extension o f  
a  System o f  Power S t a t i o n s  
. . . . . . . . . . . . . . . . . . . . . . . . . . .  G .  Modemann and P. Winske 31 
 isc cuss ion ............................................ 67 
A Study o f  I n f r a s t r u c t u r a l  Impact on Lonq Ranqe 
Energy Transpor t s  
................................... Acad. S ty r ikov ich  68 
Discussion ............................................ 74 
S t r a t e g i e s  f o r  a  T r a n s i t i o n  from F o s s i l  t o  
Nnclear Fuels  
Wolf Hafele and Alan S. Manne ....................... 76 
World Energy Supply Analysis  
R . J .  Deam ........................................... 79 
Discussion ............................................ 115 
I n t e r f u e l  SLlbsti tut ion and Technological  Change 
Kenneth C .  Hoffman and E l l e n  A.  Cherniavsky ......... 117 
Discussion ............................................ 146 
A Concept f o r  E v a l u a t i o n  of Timing o f  T r a n s i t i o n  
i n t o  a Non-Fossi l  Energy Economy 
Mitsuo Take i  ........................................ 148 
Di scuss ion  ............................................ 156 
P r o g r e s s  Repor t  on a Review o f  Energy Models 
Developed i n  Var ious  C o u n t r i e s  
J . -P.  . :harpentier ................................... 157 
Di scuss ion  ............................................ 158 
New Ways and New P o s s i b i l i t i e s  o f  Modell ing t h e  
E l e c t r i c  Power System Development 
Imr ich  Lencz ........................................ 160 
Di scuss ion  ........................................... 173 
.............. 
U.S. Energy P o l i c y  and Economic Growth, 1975-2000 
Edward A .  Hudson and Dale W. Jorgenson 174 
Economic A n a l y s i s  o f  A l t e r n a t i v e  Energy Growth 
P a t t e r n s ,  1975-2000 
Edward A .  Hudson .................................... 279 
............................................ Discuss ion  312 
P r e l i m i n a r y  P r e s e n t a t i o n  o f  t h e  GLOSAS P r o p o s a l  
G .  Hough, T.  Utsurni, and E.A. Eschbach .............. 314 
Di scuss ion  ............................................ 318 
REPORTS OF THE WORKING GROUPS 
Group 1: Methodologica l  Problems o f  Energy Model l ing  
( P r o j e c t i o n ,  Op t imiza t ion  o r  Gaming Models) 
Repor t  ...................................... 320 
Group 2: The Formula t ion  o f  Demand R e l a t i o n s  i n  t h e  
Energy F i e l d  
Report  ...................................... 324 
Group 3: How t o  Account f o r  t h e  Impact  o f  t h e  R & D 
E f f o r t  i n  New Technologies?  
~ e p o r t  ...................................... 329 
Group 4 :  The Embedding o f  Energy Models i n t o  a n  
Economy-Wide Model and t h e  L ink ing  o f  
S e v e r a l  N a t i o n a l  and Reqional  Models 
Repor t  ...................................... 335 
C o n c l u s i o n  o f  t h e  Enerqy  P r o j e c t  L e a d e r  
W .  H a f e l e  ........................................... 339 
C o n c l u s i o n  o f  t h e  I n s t i t u t e  D i r e c t o r  
H .  R a i f f a  ........................................... 341 

L i s t  o f  P a r t i c i p a n t s  
Chairman of Conference :  P r o f .  Wolf H a f e l e ,  Enerqy P r o j e c t  Leader  
Co-Chairman : P r o f .  Alan S .  Manne 
S c i e n t i f i c  S e c r e t a r y :  D r .  J e a n - P i e r r e  C h a r p e n t i e r  
AUSTRIA 
D r .  P e t e r  S i n t  
I n s t i t u t  f u e r  Sozio-oekonomische 
Entwichklungsforschung 
F l e i s c h m a r k t  2 2  
1010 Wien 
D r .  Hans Aubauer 
2 .  P h y s i k a l .  I n s t i t u t  
d e r  ~ n i v e r s i t a t  Wien 
S t r u d e l h o f g a s s e  4  
1090 Wien 
BULGARIA 
Eng. Vanio Mitov 
c /o  The N a t i o n a l  C e n t e r  f o r  
C y b e r n e t i c s  and Computer 
Techniques  
9, S l a v j a n s k a  S t r e e t  
S o f i a  
CANADA 
D r .  P a u l  G .  Brad ley  
Department o f  Economics 
U n i v e r s i t y  of B r i t i s h  Columbia 
2075 Westbrook P l a c e  
Vancouver, B r i t i s h  Columbia 
D r .  F.W. Gorbet  
A s s o c i a t e  S e n i o r  Economic 
Advisor  
Department  o f  Energy,  
Mines and Resources  
Ottawa,  O n t a r i o  K I A  OE4 
CZECHOSLOVAKIA 
Ing .  Milos Drahny, Csc .  
S t e l l v e r t r e t e r  d e s  D i r e k t o r s  d e s  
F o r s c h u n q s i n s t i t u t e s  f u e r  
Energe t ik ,  Power I n s t i t u t e  
Pa r tyzanska  7a 
P raha  7  
I n q .  Impr ich  Lencz ,  Csc .  
Power I n s t i t u t e  
Pa r tyzanska  7a 
Praha  7  
FEDERAL REPUBLIC OF GERMANY 
Dip l .  I n g .  Gerd Modemann 
Techn. Hochschule Aachen 
I n s t i t u t  f u e r  E l e k t r i s c h e  Anlagen 
und E n e r q i e w i r t s c h a f t  
L e h r a u f t r a q  L e i s t u n g s r e a k t o r e n  
Aachen 
D r .  Richard  Denton 
I n s t i t u t  f u e r  Sys temtechnik  und 
Innova t ions fo r schung  d e r  
F r a u n h o f e r - G e s e l l s c h a f t  e  .V.  
B r e s l a u e r  S t r a s s e  48 
75 K a r l s r u h e  
M r .  P a u l  Winzke 
Techn. Hochschule Aachen 
I n s t i t u t  f u e r  E l e k t r i s c h e  Anlaqen 
und E n e r g i e w i r t s c h a f t  
L e h r a u f t r a q  L e i s t u n g s r e a k t o r e n  
Aachen 
D r .  I . A .  S t e w a r t  
S e n i o r  Economic Advisor  
Department o f  Energy,  
Mines and Resources  
Ot tawa,  O n t a r i o  K 1 A  OE4 
FRANCE 
M. Robert J a n i n  
Chef du Serv ice  des Etudes 
Economi ques ~ g n g r a l e s  
E lec t  r ,cj t6 de France 
2 ,  rue  Louis Murat 
75008 n a r i s  
--
M.D. B l a i n  
~ h a r a k  de Mission 
~ i n i s t & r e  des Economies e t  
des Finances 
Di rec t ion  de l a  Prgvis ion 
9 ,  r u e  Croix des P e t i t s  Champs 
75001 P a r i s  
M. Levi 
Se rv ice  dcs Etudes 
Economiques ~ 6 n 6 r a l e s  
E l e c ' r i c i t e  fie France 
2 ,  rle Louis Murat 




D r .  ;. Biondi 
Montedison Company 
Laroo Donegani 1 
Milan 
JAPAN 
D r .  Mitsuo Takei 
Manaqe r 
Research Divis ion 
The I n s  t i t u t e  o f  Energy 
Economics 
No. i O  Mora Bldg. 
2 8  Nishikubo Sakuragawa-Cho 
Minato-Ku 
T o k e  
L 
D r .  Pusao Mori 
Chief Engineer 
Cen t ra l  Research Laboratory 




M r .  Yukio Sekiya 
The I n s t i t u t e  of  Energy 
Economics 
No. LO Mori Bidg. 




P r o f .  J e r z y  Holubiec 
The P o l i s h  Academy o f  Sciences  
c/o Academia Palazza  
del l e  Scienze  
2 V i c o l o  Doria  
00187 Rome 
Prof .  W . Frankowski 
I n s t y t u t  Badan Jadrowych 




Prof .  P . . S .  Deam 
Enerqy Research Unit 
Queen Mary Col-lege 
Mile End goad 
London E l  4NS 
U.S.A. 
D r .  Xenneth C .  Hoffman 
Head Enuineer ina  Divis ion 
Department o f  Applied Science  
Broo!rbavcn Nat ional  Laboratory 
Upton, New Yorlc 11973 
M r .  Franlc J .  Aless io  
Manaqer 
E l e c t r i c  Power Research I n s t i t u t e  
3412 H i 1  lvicw Avenue 
P . O m  Box 10412 
Palo  Al to ,  C a l i f o r n i a  94304 
Prof .  Thomas Connolly 
Department of  Mechanical 
Engineering 
S tanford  Univers i ty  
S tanford ,  C a l i f o r n i a  94 3 0 5  




Prof .  Gordon Xaufman 
Sloan School ~f Yaqagement 
Massachilsetd-s I n s t i t u t e  of 
T e c h n o 1 . 0 ~  
Cambridqe, Massachusetts  02139 
Prof .  Dale W. Jorgenson 
Department of Economics 
Harvard 1Jr.i v e r s i t y  
Cambridge, Massachusetts  02138 
U.S.A. ( c o n ' t )  
M r .  E. Schmidt  
A s s i s t a n t  t o  V i c e  P r e s i d e n t  
f o r  Research  and Development 
G e ne ra l  E l e c t r i c  C o r p o r a t i o n  
570 Lex ing ton  Avenue 
New York, New York 
D r .  E r n e s t  G .  S i l v e r  
I n s t i t u t e  f o r  Energy A n a l y s i s  
P.O. Box 117 
Oak Ridge ,  Tennessee  37830 
M r .  James A .  Walker  
Management A s s o c i a t e  
E x e c u t i v e  Off ice o f  t h e  
P r e s i d e n t  
New E x e c u t i v e  O f f i c e  Bldg .  
Room 8104 
Washing ton ,  D .C  . 20503 
U.S.S.R. 
Acad. S t y  r i k o v i c h  
The Academy o f  S c i e n c e s  
S t a t e  Committee f o r  USSR 
C ounc i l  o f  M i n i s t e r s  f o r  S c i e n c e  
and Technology 
11, Gorky S t r e e t  
Moscow 
D r .  Minaev 
The Academy o f  S c i e n c e s  
S t a t e  Committee f o r  USSR 
Counc i l  o f  M i n i s t e r s  f o r  S c i e n c e  
and  Technology 
11, Gorky S t r e e t  
Moscow 
D r .  K i c h a t o v  
The Academy o f  S c i e n c e s  
S t a t e  Committee f o r  USSR 
C o u n c i l  o f  M i n i s t e r s  f o r  S c i e n c e  
a nd  Technology 
11, Gorky S t r e e t  
MOSCOW 
D r .  Kuzovkin 
The Academy o f  S c i e n c e s  
S t a t e  Cornni t tee  f o r  USSR 
C ounc i l  o f  Mi . n i s t e r s  f o r  S c i e n c e  
and  Technology 
11, Gorky S t r e e t  
Moscow 
Representatives from International Organizations 
IAEA (Karntner Ring 11, 1010 Wien) 
-
Mr. Rurik Krymm 
Head of Economic Study Section 
Division of Nuclear Power Reactors 
Dr. Georg Woite 
Division of Nuclear Power and Reactors 
OPEC (Dr. Karl Lueger-Ring 10, 1010 Wien) 
-
Dr. A. Khene 
Secretary General OPEC 
Mr. M. Olorunfem 
Senior Financial Analyst 
Mr. C. Faidi 
Senior Exploration Officer 
UNITED NATIONS 
Mr. Clement Lopez-Polo 
United Nations Economic 
Commission for Europe 
Palais des Nations 
1211 Geneva 10 
IIASA S t a f f  
P ro fessor  Howard Ra i f fa  ...................... D i r e c t o r  
D r .  Andrei Bykov ............................. S e c r e t a r y  t o  IIASA 
RESEARCH SCHOLARS 
P r o f .  Wolf Hafele ( P r o j e c t  Leader) 
D r .  Rudolf Avenhaus 
D r .  Jean-P ie r re  Charpent ier  
P r o f .  Michel Grenon 
D r .  Nikola i  Kourochkin 
Prof .  Alan S. Manne 
D r .  Cesare Marchet t i  
D r .  Richard Patzak 
D r .  Atsuyuki Suzuki 
D r .  Norbert  Weyss 
Mrs. T r u u s  Koopmans 
D r .  Alfred Voss 
D r .  D i e t e r  Sel l ingschegg 
D r .  Robert T r e i t e l  
D r .  Jacques Girod 
Prof .  George Dantzig ( P r o j e c t  Leader) 
P ro f .  T j a l l i n g  Koopmans 
D r .  Johann Mil lendorfer  
SCIENTIFIC RAPPORTEURS 
D r .  Die te r  Sel l ingschegg 
D r .  Jean-P ie r re  Charpent ier  
D r .  Norbert  Weyss 
D r .  Jean-P ie r re  Ponssard 
Energy Systems (Chairman) 
Energy Systems 
Energy Systems ( S c i e n t i f i c  
Sec re ta ry )  
Energy Systems 
Energy Systems 













Working Group I 
Working Group I1 
Working Group I11 
Working Group I V  
* 
Short -  term appointment. 
Agenda 
Tuesday,  May 28 
Morning 
8:30- 9:15 REGISTRATION 
SESSION 1 
9:15- 9:30 Welcome and I n t r o d u c t i o n  ( H .  R a i f f a ,  W .  H a f e l e )  
9:30-10:15 ( A )  E l e c t r i c i t y  and Energy ( R .  Jan in  - France)  
Systems 
10:15-11:OO (B) A Comparison o f  Mathe- ( G .  Modemann - FRG) 
m a t i c a l  Models f o r  Long- 
Term P lann ing  o f  t h e  
Economic Opera t ing  and 
Ex tens ion  o f  a  System 
o f  Power S t a t i o n s  
11:OO-11:15 Cof fee  Break 
11:15-12:OO ( C )  A Study o f  I n f r a s t r u c t u r a l  (Acad. S t y r i k o v i c h  - 
Impact of Long Range 
Energy T r a n s p o r t s  USSR) 
12:OO-12:45 ( D )  S t r a t e g i e s  f o r  a  (W. H a f e l e ,  A .  Manne - 
T r a n s i t i o n  from F o s s i l  
t o  Nuclear  Fue l s  IIASA) 
12:45-14: 30 Lunch 
Af ternoon 
14:30-17:30 Di scuss ions  i n  Working Groups 
Wednesday, May 2 9  
Morning 
SESSION 2 
9 : 30-10: 15 ( A )  World Energy Supply ( R .  Deam - UK) 
Analys is  
10: 15-11:OO ( B )  I n t e r f u e l  S u b s i t u t i o n  (K. Hoffman - USA) 
and Technologica l  Change 
11:OO-11:15 Coffee Break 
11: 15-12:OO ( C )  A Concept f o r  Eva lua t ion  (M. Takei - Japan) 
o f  Timing o f  T r a n s i t i o n  
i n t o  a  Non-Fossil Energy 
Economy 
12:OO-12:45 ( D l  Progress  Report on a  (J .P .  Charpen t i e r  - 
Review of  Enerqy Models 
Developed i n  Various IIASA) 
Countr ies  
12:45-14:15 Lunch 
Afternoon 
14:15-16:OO S p e c i a l  Reports  
New Ways and New ( I .  Lencz - CSSR) 
P o s s i b i l i t i e s  o f  Modelling 
the E l e c t r i c  Power 
System Development 
Energy Po l i cy  P r o j e c t  of  ( D .  Jorgenson - USA) 
t h e  Ford Foundation 
GLOSAS Proposal  ( G .  Hough - USA) 
16 :OO-16 : 15 Coffee  Break 
16: 15-18:OO Informal  Discuss ion,  
inc lud ing  Reports  from t h e  
Working Groups and f u r t h e r  
Research Topics 
In t roduc to ry  Remarks by t h e  I n s t i t u t e  Di rec to r  
H .  R a i f f a  
The resea rch  program a t  IIASA s t a r t e d  up i n  t h e  summer of 
1973 wi th  t h e  a r r i v a l  of our f i r s t  s c i e n t i s t s ,  and by t h i s  
summer we should be about 60 s t r o n g  i n  t h e  s c i e n t i f i c  a r e a .  
The resea rch  p r o j e c t s  inc lude  nine  p r i n c i p a l  a r e a s  of r e sea rch .  
Three of them a r e  se rv ice -o r ien ted :  methodology, des ign  and 
management of l a r g e  o r g a n i z a t i o n s ,  and computer systems and 
s c i e n c e s .  Then t h e r e  a r e  what we c a l l  t h e  s i x  "appl ied"  pro- 
j e c t s :  i n t e g r a t e d  i n d u s t r i a l  systems,  urban and r e g i o n a l  sys-  
tems, ecology,  bio-medicine, energy, and water r e sources .  We 
t h i n k  of t h e  resea rch  program a s  being conducted i n  a s o r t  of 
ma t r ix  format ,  where we have our app l i ed  p r o j e c t s  from energy 
a l l  t h e  way t o  t h e  i n d u s t r i a l  p r o j e c t s ,  and then  t h e  remaining 
t h r e e  p r o j e c t s  involving methodology, computer s c i e n c e s ,  and 
o r g a n i z a t i o n  systems a r e  conceived t o  be s e r v i c e  o r i e n t e d .  I n  
t h e s e  se rv ice -o r ien ted  p r o j e c t s  we hope t o  incorpora te  a wide 
range of s k i l l s  by employing app l i ed  mathematicians,  computer 
s c i e n t i s t s ,  people i n  managerial  sc iences  and behav io ra l  s c i e n c e s ,  
po l i cy  a n a l y s t s  and including even lawyers .  h i s t o r i a n s ,  e t c .  
I f  we look a t  t h e  energy p r o j e c t ,  t h e r e  a r e  now about 10  
o r  12 people t h a t  a r e  p r imar i ly  i n  t h e  p r o j e c t  i t s e l f ,  b u t  t h a t  
group i s  enhanced by a group of se rv ice -o r ien ted  people who 
work i n  r e l a t i o n s h i p  wi th  t h e  energy p r o j e c t ,  a s  w e l l  as  i n  
t h e  water and ecology a r e a s .  Now, some of you might wonder why 
we chose t o  have n ine  p r o j e c t s  when we have such a smal l  pro- 
f e s s i o n a l  s t a f f  here .  The choice  of a p r o j e c t  is  a combination 
of sc ience  and p o l i t i c s ,  and it was very d i f f i c u l t  t o  g e t  agree-  
ment on one o r  two t o p i c s .  I t h i n k  by having a menu of i n t e r -  
r e l a t e d  p r o j e c t s  we a r e  a b l e  t o  have an accep tab le  program. 
~ u t  t h i s  p r e s e n t s  t e r r i b l e  problems f o r  us .  What we hope 
we w i l l  do i n  our r e s e a r c h  s t r a t e g y  is  have a four-pronged 
a t t a c k .  
We a r e  busy a t  t h i s  p o i n t  bu i ld ing  up our inhouse resea rch  
c a p a b i l i t y  and we hope t o  draw s c i e n t i s t s  from a l l  our n a t i o n a l  
member o rgan iza t ions .  We a r e  now 13 i n s t i t u t i o n s  from 13 na- 
t i o n s  suppor t ing IIASA, bu t  g radua l ly  we w i l l  expand a t  t h e  
r a t e  of 2 o r  3 new n a t i o n a l  member o r g a n i z a t i o n s  per  yea r .  
The f i r s t  phase of our  program i s  t h e  b u i l d i n g  up of our 
inhouse r e s e a r c h  a c t i v i t i e s .  The energy p r o j e c t  i s  probably 
t h e  most advanced i n  terms of t h e  t ime- tab le  of our p r o j e c t s .  
We have an asymmetric r a t e  of development of t h e  v a r i o u s  pro- 
j e c t s .  We a r e  hoping t h a t  IIASA even tua l ly  w i l l  become p a r t  
of a network of research institutions and we hope that we will 
be able to work in collaboration with other international as 
well as national institutions. One of the international insti- 
tutions with which we collaborate in the energy area is obvious- 
ly the International Atomic Energy Agency (IAEA, located here 
in Vienna), but in other projects we will be dealing with the 
UNESCO, WHO, WMO, and other members of the U.N. family. Then 
there are institutions like IFAC, IFIP and others of similar 
ilk where we can hope to work out some collaborative effort. 
But in addition to collaboration with international institu- 
tions, we hope that we will have a strong linkage with insti- 
tutions within nations. Thus, for example, the Institute of 
Control Science in Moscow is a natural link to us, and many 
of the things that we will be doing here they will support in 
terms of their research organization. We hope in the meteo- 
rological area, for example, to get cooperation with such in- 
stitutions as the British Meteorological Office, NCSR in 
Boulder, Colorado, the Hydrometeorological Institute in the 
Soviet Union, etc. 
We have an obligation not only to do research of our own 
and in collaboration with others, but to be what we call a 
sophisticated clearing-house for information--we have an ex- 
change agency role: to find out what is being done in differ- 
ent places that is of relevance to our research program here, 
and to be catalyst in that kind of dissemination. One way of 
informing a wider community of the research efforts that are 
going on, on topics of relevance to our research program here, 
is to have international conferences and working seminars, of 
which this is one. I hope that through this means we will not 
only be able to get an exchange of information, but that maybe 
some of the activities that are done here in the next two 
days will be the source of collaborative efforts of our re- 
searches here and research institutions elsewhere. 
I n t r o d u c t o r y  Remarks by t h e  Energy P r o j e c t  Leader 
When t h e  i d e a  a r o s e  t o  have an enerqy  p r o j e c t  h e r e  
a t  IIASA, t h e  i n t e n t i o n  was t o  accomplish two t h i n g s  
s imu l t aneous ly :  f i r s t ,  t o  make a  s u b s t a n t i a l  c o n t r i b u t i o n  
t o  t h e  problem o f  energy  a s  such ,  and second,  w i t h i n  t h i s  
e f f o r t ,  t o  develop  methods t o  d e a l  w i th  ene rgy  sys t ems ,  
t h a t  i s  t o  s a y  methods t h a t  pe rmi t  d e a l i n g  w i t h  t h e  sys tem 
a s p e c t  o f  energy .  The methodologica l  requi rements  f o r  
t h i s  t a s k  a r e  h i g h ,  and t h e  hope i s  t h a t  i n  d e a l i n g  wi th  
energy  we can l e a r n  something o f  r e l e v a n c e  t o  t h e  
methodology of  sys tems a n a l y s i s .  
Aga ins t  t h i s  background t h e  Energy P r o j e c t  i s  
c o n c e n t r a t i n g  n o t  s o  much on a  d e t a i l e d  i n v e s t i g a t i o n  o f  
a  s p e c i f i c  a s p e c t  o f  e n e r g y ;  n e i t h e r  a r e  we c o n c e n t r a t i n g  
on t h e  q u e s t i o n  o f  how t o  improve t h e  performance o f  a  
t r a n s f o r m e r ,  f o r  example, o r  o f  a  n u c l e a r  r e a c t o r .  There 
a r e  wide communit ies ,  e n g i n e e r i n g  communitj-es and o t h e r s ,  
i n  t h e  wor ld  t h a t  a r e  h i g h l y  c a p a b l e  of f u l f i l l i n g  t h e s e  
t a s k s .  Our f u n c t i o n  a s  we s e e  it i s  t o  i d e n t i f y  problems 
such  a s  t h e  q u e s t i o n  o f  i n t e r f a c e ,  and o t h e r s  t h a t  s t i l l  
have t o  be  i d e n t i f i e d  o r  t h a t  come up i f  t h e  s c a l e  o f  
enerqy  a c t i v i t i e s  becomes wide and e v e n t u a l l y  g l o b a l  i n  
n a t u r e .  Thus we have l e a r n e d  t h a t  enerqy  p roduc t ion  is  
t h e  major  a r e a  o f  i n t e r e s t ,  b u t  a l s o  t h e  hand l ing  o f  
energy  i s  of  conce rn ,  o r  what we c a l l  t h e  embedding o f  
energy  i n t o  v a r i o u s  s p h e r e s ,  such a s  t h e  atmosphere,  t h e  
hydrosphe re ,  and t h e  soc iosphe re .  A s  a  consequence we 
a r e  a d d r e s s i n g  o u r s e l v e s  t o  a  number o f  q u e s t i o n s  t h a t  
were no t  n e c e s s a r i l y  e x p l i c i t l y  and e x t e n s i v e l y  s t u d i e d  
i n  t h e  p a s t .  For i n s t a n c e ,  we a r e  t r y i n q  t o  i d e n t i f y  
t h e  e f f e c t  of  was te  h e a t  on t h e  c l i m a t e ,  we a r e  t r y i n g  
t o  unde r s t and  t h e  e s t a b l i s h m e n t  o f  s t a n d a r d s  t h a t  a r e  
t y p i c a l  of  t h e  development o f  t echno logy ,  and  we a r e  
t r y i n q  t o  do some.thing about  r i s k  e v a l u a t i o n ,  w i t h  t h e  
unde r s t and ing  t h a t  t h e y  a r e  t h e  d r i v i n g  f o r c e s  o f  modern 
technology.  
The g o a l  which we hope t o  ach ieve  e v e n t u a l l y  i s  t o  be  
o f  h e l p  t o  t h e  d e c i s i o n  maker. That  is  t o  s a y ,  w e  have  t o  
e v a l u a t e  and e x e c u t e  methods t h a t  a l l ow f o r  t h e  comparison 
o f  o p t i o n s .  They a r e  o p t i o n s  f o r  t h e  p r o v i s i o n  o f  long- 
te rm ene rgy ,  f o r  i n s t a n c e ,  t h e  n u c l e a r  o p t i o n ,  t h e  s o l a r  
o p t i o n ,  o r  t h e  geothermal  o p t i o n .  
A l l  t h i s  t hen  immediately l e a d s  t o  t h e  i d e n t i f i c a t i o n  
o f  t h e  t i m i n g  o f  t h e  problem: which problem i s  f i r s t ,  
which i s  second? I n  what r e s p e c t  can we t a k e  a  l i t t l e  t ime  
and c a r e f u l l y  prepare  ourse lves  f o r  a  very cha l l eng ing  
problem which might f ace  us s l i g h t l y  l a t e r  i n  t h e  t ime 
ahead? Qui te  o f t e n  it has  been observed t h a t  it is  
easy t o  p r e d i c t  c e r t a i n  f e a t u r e s  of  t h e  f u t u r e .  Yet 
it i s  by f a r  more d i f f i c u l t  t o  say when they  a r e  qoing 
t o  happen. Let  me s t a t e  t h a t  I ,  f o r  mysel f ,  had 
a n t i c i p a t e d  an energy c r i s i s  i n  t h e  fo reseeab le  f u t u r e ,  
but  a t  t h e  time I d i d  not  understand t h a t  it would 
a r r i v e  s o  soon. For t h e s e  reasons  t h e  i d e n t i f i c a t i o n  of 
t h e  t iming of  t h e  problem i n  o u r  judgment i s  a  major 
goa l  f o r  systems a n a l y s i s  i n  t h e  f i e l d  of  energy.  
A s p e c i f i c  conclus ion of an e v a l u a t i o n  of t iming  
would be t o  i d e n t i f y  t h e  fo l lowing s t r a t e g i e s :  What 
i s  t o  be done on which time s c a l e  and i n  what pe r spec t ive?  
To what e x t e n t ,  f o r  i n s t a n c e ,  i s  energy conservat ion 
p o s s i b l e ?  What i s  t h e  phasing of  va r ious  a c t i o n s  t o  be 
taken i n  t h e  energy f i e l d ?  Here we need some sensor  t h a t  
t e l l s  us about p o s s i b l e  r e a c t i o n s ,  f o r  i n s t a n c e ,  t o  
energy conse rva t ion  s t e p s ,  o r  about t h e  n a t u r e  of  t h e  
consequences i f  t h e  p a r t i t i o n  between e l e c t r i c  and non- 
e l e c t r i c  secondary energy were changed. 
We f e e l  t h a t  t h i s  sensor  t h a t  he lps  us t o  a s s e s s  t h e  
e v a l u a t i o n  of  t iming and s t r a t e g i e s  i s  energy modell ing.  
I am very g r a t e f u l ,  t h e r e f o r e ,  f o r  t h e  p o s s i b i l i t y  of  
being w . t h  you today,  and I am happy t h a t  f o r  two days 
we have t h e  oppor tun i ty  of d e a l i n g  wi th  t h e  problem of 
mathematical  modell ing of energy demand and supply .  I f  
t h i s  i s  done i n  a  s o p h i s t i c a t e d  manner, t h e s e  techniques  
can be used f o r  t h e  i d e n t i f i c a t i o n  of  necessary  s t e p s ,  
f o r  i n s t a n c e ,  i n  the  R & D f i e l d ,  i n  investments o r  wi th  
regard  t o  necessary  i n f r a s t r u c t u r a l  improvements. We 
cannot a f f o r d  t o  do it by t r i a l  and e r r o r .  We r a t h e r  
have t o  do it on t h e  b a s i s  of mathematical modell ing.  
The purposes of  t h i s  conference a r e  two-fold: on t h e  
one hand, it w i l l  f a m i l i a r i z e  us  wi th  t h e  l a t e s t  
accomplishments i n  t h a t  f i e l d ,  and, on t h e  o t h e r  hand, 
it s e r v e s  a s  a  p la t form of exchange, o r  what P ro f .  
R a i f f a  c a l l e d  "hopeful ly  s o p h i s t i c a t e d  b u t  n e v e r t h e l e s s  
a  c l ea r inghouse .  " 
This meeting today has  two formal morning s e s s i o n s ,  
where s e v e r a l  papers w i l l  be p resen ted  a s  i n d i c a t e d  i n  
t h e  agenda. This af ternoon t h e r e  w i l l  be d i s c u s s i o n s  i n  
working groups,  and, wi th  a  s u f f i c i e n t  number of 
h i s t o r i c a l  rooms a v a i l a b l e ,  it w i l l  be p o s s i b l e  t o  have 
f o u r  p a r a l l e l  s e s s i o n s  t h a t  w i l l  concen t ra te  on var ious  
s p e c i f i c  t o p i c s  a s  they come up i n  t h e  d i s c u s s i o n s .  A t  
t h e  end of t h e  morning d i s c u s s i o n ,  perhaps a l l  of us 
should  d i s c u s s  which t o p i c s  should  be c e n t r a l  t o  t h e  
a f t e rnoon  d i s c u s s i o n s .  N a t u r a l l y ,  i n  o rgan iz ing  a  
conference ,  one i s  wel l  advised t o  prepare  p o s s i b l e  
s u g g e s t i o n s  and t o  emphasize p o s s i b l e  s u b j e c t s  f o r  
d i s c u s s i o n s .  L e t  m e  r e p e a t ,  however, t h a t  t h e s e  
proposed  t o p i c s  can be d i s c u s s e d ,  i f  s o  d e s i r e d ,  
b u t  w e  do n o t  n e c e s s a r i l y  have t o  s t i c k  t o  them. 
On Wednesday a f t e r n o o n  w e  w i l l  try t o  have a  con- 
c l u s i o n  o r  a  d i s c u s s i o n  o f  f u r t h e r  r e s e a r c h  t o ~ i c s .  
T h i s  would a l l o w  everybody t o  make s t a t e m e n t s  o r  
o b s e r v a t i o n s ,  i f  h e  d e s i r e s  t o  do  s o ,  and t h i s  b r i n g s  
m e  t o  t h e  end o f  my i n t r o d u c t o r y  remarks. 
PAPERS PRESENTED 
E l e c t r i c i t y  and  Energy  Sys tems  
D a n i e l  B l a i n ,  R o b e r t  J a n i n ,  and  P .  B e r n a r d  
The most c h a r a c t e r i s t i c  f e a t u r e  o f  t h e  deve lopment  o f  
e l e c t r i c i t y  consumpt ion  i n  F r a n c e  d u r i n g  t h e  t w e n t y  y e a r s  
1950-1970 i s  i t s  r e g u l a r i t y .  I n d e e d ,  d u r i n g  t h i s  p e r i o d ,  a  
f a i r l y  c l e a r l y  marked d icho tomy c o u l d  b e  o b s e r v e d  i n  t h e  
power  m a r k e t ,  i n  which two s e p a r a t e  and  d i s t i n c t  s e c t o r s  
were  a p p a r e n t :  t h e  f o s s i l  e n e r g y  s e c t o r  ( c o a l  and l i q u i d  o r  
g a s e o u s  h y d r o c a r b o n s ) ,  on t h e  one  h a n d ,  and t h e  e l e c t r i c i t y  
s e c t o r  on t h e  o t h e r .  
T h e r e  were  d o u b t l e s s  some l i n k s  be tween  t h e s e  two s e c -  
t o r s ,  owing t o  t h e  f a c t  t h a t  t h e  s e c o n d  h a d  t o  o b t a i n  sup-  
l i e s  f rom t h e  f i r s t  f o r  p r o d u c i n g  s e c o n d a r y  e l e c t r i c  e n e r g y ,  
which  expanded  f a i r l y  r a p i d l y  due  t o  t h e  f a c t  t h a t  h y d r a u l i c  
s i t e s  c a p a b l e  o f  b e i n g  e q u i p p e d  e c o n o m i c a l l y  became p r o g r e s -  
s i v e l y  e x h a u s t e d .  But t h e r e  were  h a r d l y  any downstream 
l i n k s  i n  t h e  s y s t e m ,  owing t o  t h e  f a c t  t h a t  t h e  s t r u c t u r e  o f  
f i n a l  u s e s  - f o r  power i n  t h e  two s e c t o r s  p r o v e d  t o  b e  remark-  
a b l y  s t a b l e .  And s o ,  w h e r e a s  d i f f e r e n t  f o s s i l - t y p e  e n e r g y  
s o u r c e s  competed v e r y  a c t i v e l y  on t h e  h e a t i n g  marke t  p a r t i c -  
u l a r l y ,  t h e  g rowth  o f  e l e c t r i c i t y  t o o k  p l a c e  e s s e n t i a l l y  i n  
c a p t i v e  m a r k e t s ,  where  t h e  u s e  o f  e l e c t r i c i t y  was p r a c t i c a l -  
l y  n o t  c o n t e s t e d :  l i g h t i n g ,  t e l e t r a n s m i s s i o n  s y s t e m s ,  e l e c -  
t r o l y s i s ,  m e t a l  r e f i n i n g ,  power f o r  s m a l l  and medium s i z e d  
u n i t s .  
Whereas t h e r e  were  somet imes  l i n k s  be tween  t h e s e  two 
s e c t o r s  ( f o r  r a i l  t r a n s p o r t ,  f o r  e x a m p l e ) ,  t h e y  w e r e  n o t  nu- 
merous and were  i n s u f f i c i e n t  t o  j e o p a r d i z e  t h e  c o - e x i s t e n c e  
o f  t h e  two s e c t o r s ,  a s  e a c h  one  o p e r a t e d  i n  i t s  own p a r t i c u -  
l a r  f i e l d .  
Power m a r k e t  p r o s p e c t s  i n d i c a t e d  t h a t  t h i s  s t a b i l i t y  
would g r a d u a l l y  d i s a p p e a r  a n d  i n d e e d  i t  was s u d d e n l y  b r o k e n  
by t h e  r e c e n t  i n c r e a s e  i n  t h e  c o s t  o f  f o s s i l - t y p e  power:  
t h e  two s e c t o r s  a r e  no l o n g e r  c l e a r l y  s e p a r a t e .  C o m p e t i t i o n  
b e t w e e n  a l l  forms o f  e n e r g y  w i l l  d o m i n a t e  t h e  e n e r g y  s y s t e m ,  
owing t o  t h e  new c o m p e t i t i v e  a s p e c t  o f  e l e c t r i c i t y  on t h e  
h e a t i n g  m a r k e t .  A change  o f  t h i s  k i n d  i n  t h e  s i t u a t i o n  h a s  
s e r i o u s  c o n s e q u e n c e s  o n  t h e  s t r u c t u r e s  and  i n t e r n a l  o r g a n i z a -  
t i o n  o f  e l e c t r i c  power p r o d u c e r s .  It a l s o  makes i t  n e c e s -  
s a r y  t o  re -examine  c o m p l e t e l y  t h e  methodology c o n c e r n i n g  
f o r e c a s t s  i n  t h e  l i g h t  o f  new c o n d i t i o n s  b r o u g h t  a b o u t  by 
t h e  i n c r e a s e  i n  t h e  u s e  o f  e l e c t r i c  e n e r g y .  
I n  t h e  p r e s e n t  communica t ion ,  i t  i s  p r o p o s e d  t o  i l l u s -  
t r a t e  i n  t h e  f i r s t  p l a c e  how t h e  methods u s e d  f o r  f o r e c a s t -  
i n g  r e q u i r e m e n t s  and  programming were  a d a p t e d  t o  p a s t  g rowth  
c o n d i t i o n s .  F u r t h e r  o n ,  a n  i n d i c a t i o n  w i l l  b e  g i v e n  o f  how 
t h e y  s h o u l d  b e  a d a p t e d  t o  s u i t  p r e s e n t  c o n d i t i o n s .  
1. The Trend  o f  P a s t  E v o l u t i o n  
The s t r a t e g y  o f  t h e  deve lopment  o f  e l e c t r i c  e n e r g y  came 
w i t h i n  t h e  c o n t e x t  o f  f a i r l y  r e g u l a r  w o r l d  economic e v o l u -  
t i o n .  The s u c c e s s i v e  r e l a y  o f  s p e c i f i c  u s e s  c o m p r i s i n g  t h e  
p a r t i c u l a r  f i e l d  f o r  e l e c t r i c i t y  was a l s o  a  r e g u l a t i n g  f a c t o r  
i n  t h e  deve lopment  o f  t h e  t o t a l  demand. The f o r e c a s t  demand 
c o u l d  t h e r e f o r e  b e  b a s e d  on c e r t a i n  f a i r l y  c l e a r l y  d e t e r m i n e d  
l i n k s  be tween  v a r i a b l e s .  On t h e  o t h e r  h a n d ,  t h e  s u s t a i n e d  
r a t e  o f  s p o n t a n e o u s  demand i n d u c e d  f i r m s  p r o d u c i n g ,  t r a n s -  
p o r t i n g ,  and  d i s t r i b u t i n g  e l e c t r i c i t y  t o  d e v e l o p  a  s t r a t e g y  
t h a t  m e r e l y  accompanied t h i s  demand and s a t i s f i e d  i t s  r e -  
q u i r e m e n t s .  I n  t h i s  c o n t e x t ,  i t  was p e r f e c t l y  l e g i t i m a t e  t o  
c o n s i d e r  t h a t  demand would d e v e l o p  e x o g e n o u s l y .  
It  was t h e r e f o r e  f e a s i b l e  t o  u s e  f o r e c a s t i n g  models  o f  
t h e  s t a t i s t i c a l  t y p e  which t o o k  t h e  e s s e n t i a l  o f  t h i s  e v o l u -  
t i o n  i n t o  c o n s i d e r a t i o n .  By t h e i r  v e r y  n a t u r e ,  t h e y  pos -  
s e s s e d  t h e  g r e a t  a d v a n t a g e  o f  e n a b l i n g  e r r o r s  t o  b e  measured  
a n d  a c o n f i d e n c e  l e v e l  t o  be  a s s e s s e d .  I n  t h e s e  c o n d i t i o n s ,  
t h e  f o r e c a s t i n g  methods were  w e l l  a d a p t e d  t o  t h e  r e q u i r e m e n t s  
o f  d e c i s i o n  makers ,  i n  t h e  t e r m s  o f  a f a i r l y  s i m p l e  p r o c e d u r e  
- - a t  l e a s t  i n  p r i n c i p l e - - c o n s i s t i n g  n o t a b l y  i n :  
- d e f i n i n g  t h e  c o s t  o f  f a i l u r e ;  and  
- combin ing  s u p p l y  w i t h  demand, b o t h  b e i n g  random. 
It c o u l d  j u s t i f i a b l y  b e  m a i n t a i n e d  t h a t  t h i s  s y s t e m  l e d  
t o  t h e  b e s t  p o s s i b l e  d e f i n i t i o n  o f  t h e  volume o f  s u p p l i e s  
r e q u i r e d .  
More a n a l y t i c a l  models  were  n o t  e x c l u d e d  when r e q u i r e d  
t o  s a t i s f y  r e q u e s t s  f o r  more s p e c i f i c  i n f o r m a t i o n .  However, 
w i t h o u t  d e n y i n g  t h e i r  u t i l i t y ,  i t  must b e  s t a t e d  t h a t  t h e y  
o n l y  p l a y e d  a  minor  r o l e .  
1.1 E c p n o m e t r i c  Models 
The v a r i o u s  d i f f e r e n t  e c o n o m e t r i c  a p p r o a c h e s  p o s s i b l e  
a l l  s h a r e  a  common c h a r a c t e r i s t i c :  t h e y  a l l  depend  on t h e  
h y p o t h e s i s  t h a t  t h e  s t r u c t u r a l  r e l a t i o n s h i p s  i d e n t i f i e d  by 
o b s e r v a t i o n  i n  t h e  p a s t  w i l l  b e  m a i n t a i n e d  i n  t h e  f u t u r e ,  
i n  s u c h  a  way t h a t  f u t u r e  i d e n t i f i c a t i o n  o f  t h e  e x p l a n a t o r y  
v a r i a b l e s  r e t a i n e d  i s  s u f f i c i e n t  t o  d e t e r m i n e  t h e  e v o l u t i o n  
o f  t h e  endogenous v a r i a b l e .  
A s  f o r  t h e  e x p l a n a t o r y  v a r i a b l e s  t h e y  may t a k e  d i f f e r e n t  
f o r m s .  They may c o n s i s t  o f  t i m e  a l o n e  (autonomous m o d e l s ) .  
They may S e  o t h e r  v a r i a b l e s ,  s u c h  as a r e p r e s e n t a t i v e  p a r a m e t e r  
o f  economic o r  i n d u s t r i a l  a c t i v i t y ,  t h e  c o s t  o f  e l e c t r i c  pow- 
e r ,  demograph ic  e v o l u t i o n ,  e t c . .  . ( c o n d i t i o n a l  m o d e l s ) .  
I n  a  g e n e r a l  manner ,  t h e  v a r i o u s  d i f f e r e n t  p o s s i b l e  ap- 
p r o a c h e s  were  t e s t e d .  I n  p r a c t i c e ,  t h e  models  f i n a l l y  
a d o p t e d - - b e c a u s e  t h e y  a p p e a r e d  t o  b e  t h e  most p e r t i n e n t  u n d e r  
a n a l y s i s - - w e r e  f a i r l y  s i m p l e  i n  form.  
1 . 1 . 2  The O v e r a l l  Approach 
I t s  main i n t e r e s t  l i e s  i n  t h e  s i m p l i c i t y  o f  t h e  hypo th-  
e s i s  u s e d .  I n  e f f e c t ,  i t  i m p l i e s  t h a t  t h e  mechanism o f  t h e  
g rowth  o f  a l l  e l e c t r i c  power c o n s u m p t i o n  ( l o s s e s  e i t h e r  i n -  
c l u d e d  o r  e x c l u d e d ,  v a r y i n g  w i t h  e a c h  c a s e ) ,  c o n s i d e r e d  a s  a 
whole ,  w i l l  r e m a i n  unchanged; o r ,  a t  l e a s t ,  t h a t  any c h a n g e s  
i n  rhy thm l i k e l y  t o  a f f e c t  them i n  t h e  f u t u r e  w i l l  b e  mutua l -  
l y  compensa ted  f o r .  
The most i n t e r e s t i n g  model f rom t h i s  a s p e c t  i s  a  c o n d i -  
t i o n a l  model o f  t h e  a d a p t i v e  t y p e ,  i n  which t h e  s t r u c t u r a l  
r e l a t i o n s h i p  r e t a i n e d  i s  t h e  l i n k  be tween  i n c r e a s e s  i n  t h e  
t o t a l  c o n s u m p t i o n  o f  e l e c t r i c i t y ,  e x c l u s i v e  o f  l o s s e s ,  and i n -  
c r e a s e s  c o r r e s p o n d i n g  t o  t h e  g r o s s  i n t e r n a l  p r o d u c t i o n  i n  
volume. L o s s e s  a r e  added  a f t e r w a r d s .  
F o r  t h e  p e r i o d  1964-1973, t h e  f o l l o w i n g  e q u a t i o n  i s  




w h e r e  
r e p r e s e n t s  t h e  a n n u a l  g r o w t h  r a t e  o f  t h e  
t o t a l  c o n s u m p t i o n ,  e x c l u s i v e  o f  l o s s e s ,  
A p ' i ' b '  t h e  a n n u a l  g rowth  r a t e  o f  t h e  p . i . b .  i n  p . i . b .  
volume, and  
E a w h i t e  n o i s e  . 
1 . 1 . 3  Semi-Global  Methods 
Al though  a t t r a c t i v e  i n  i t s e l f ,  t h e  s i m p l i c i t y  o f  t h e  
h y p o t h e s i s  r e t a i n e d  i n  t h e  o v e r a l l  o r  g l o b a l  approach  f a i l s  
t o  make i t  p o s s i b l e  t o  de t e rmine  t h e  d i v e ~ s i t y  o f  t h e  evolu-  
t i on - - a l t hough  confirmed--of t h e  main components of t h e  t o t a l  
demand. I n  p a r t i c u l a r ,  e v o l u t i o n  i n  France  ove r  t h e  l a s t  t e n  
y e a r s  has  r e v e a l e d  a  f a i r l y  marked d i f f e r e n c e  i n  t h e  growth 
r a t e  between:  
- t h e  i n d u s t r i a l  s e c t o r ,  where consumption has  deve l -  
oped a t  a  moderate  r a t e ;  and 
- t h e  a g r i c u l t u r a l  s e c t o r ,  b o t h  domest ic  and t e r t i a r y ,  
where t h e  i n c r e a s e  r a t e  of consumption was c l e a r l y  
g r e a t e r .  
Under t h e s e  c o n d i t i o n s ,  i t  appeared  n e c e s s a r y  t o  e x p l o r e  
t h e  e v o l u t i o n  of each  of t h e s e  demands by means of d i s t i n c t  
models on t h e  p e r i o d  1964-1973. 
LOG C = 0.0998 t + 4.0971 , (R = 0.998)  
(6 .0004)  (0 .0163)  
proved t o  be i n s u f f i c i e n t  t o  t a k e  t h e  evolu-  
t i o n  of n o n - i n d u s t r i a l  consumption i n t o  con- 
s i d e r a t i o n .  
LOG C = Logari thm of t h e  annua l  consumption of e l e c -  
t r i c i t y  i n  t h e  a g r i c u l t u r a l  s e c t o r ,  b o t h  
domest ic  and t e r t i a r y ,  
t = t ime  ( t  = 0 i n  1974) .  
A s  f o r  consumption i n  t h e  i n d u s t r i a l  s e c t o r ,  i t  appeared  
t h a t  t h e  v a r i a t i o n s  i n  t h e  volume of t h e  added va lue  i n  i ndus -  
t r y  e x p l a i n e d  i t s  e v o l u t i o n  r ea sonab ly  w e l l .  The model used 
t h e n  l e a d s  us  t o  t h e  f o l l o w i n g  e q u a t i o n  f o r  t h e  p e r i o d  1964- 
1973 : 
A C  - 0 . 7 1  A V A I  + 0 .70  + E (R = , 0 . 5 7 )  
- (0 ,391  ( 2 . 5 )  
i n  which 
hC = t h e  annua l  growth r a t e  of t h e  consumption 6f 
e l e c t r i c i t y  i n  i n d u s t r y .  
= t h e  annua l  growth r a t e  of  t h e  va lue  added by 
i n d u s t r y ,  measured a t  c o n s t a n t  p r i c e s ,  and 
E = a wh i t e  n o i s e .  
A s  w i t h  t h e  o v e r a l l  o r  g l o b a l  approach ,  l o s s e s  a r e  d e t e r -  
mined a f t e r w a r d .  
The v a r i a n c e  o f  t o t a l  consumption i s  c a l c u l a t e d  by com- 
b i n i n g  t h e  v a r i a n c e  o f  each component r e s u l t i n g  from each  p a r -  
t i c u l a r  model. 
I n  t h e  p a s t ,  t h i s  semi-g lobal  approach conf i rmed t h e  
g l o b a l  approach f a i r l y  w e l l ,  a s  t h e  r e f e r e n c e  r e s u l t s  coming 
from t h e s e  d i f f e r e n t  models produced r e l a t i v e l y  w e l l  grouped 
ave rage  f i g u r e s  f o r  t o t a l  medium-term consumption.  
1 . 1 . 4  The I n t r o d u c t i o n  of  E l a s t i c i t y  t o  Power P r i c e s  
The models d e s c r i b e d  up t i l l  now only use f i g u r e s  r e -  
p r e s e n t i n g  t h e  volume o f  economic o r  i n d u s t r i a l  a c t i v i t y  a s  
e x p l a n a t o r y  v a r i a b l e s .  However, i n  t h e  t o t a l  demand, i t  was 
p o s s i b l e  t o  d i s c e r n  s e v e r a l  f a i r l y  d i v e r s i f i e d  u ses  w i t h  r e s p e c t  
t o  t h e i r  technico-economic o h a r a c t e r i s t i c s  ( h i g h  o r  low 
v o l t a g e  s u p p l i e s ,  l o a d  d u r a t i o n  cu rve  f o r  each  d i f f e r e n t  u s e ) ,  
and,  i n  consequence,  w i t h  r e s p e c t  t o  t h e i r  p r i c e .  Bes ides ,  t h e s e  
d i f f e r e n t  p r i c e s  d i d  not  n e c e s s a r i l y  e v o l v e  i n  a  homothe t ic  
manner: f o r  a  f i r m  a p p l y i n g  a  t a r i f f  p o l i c y  r e f l e c t i n g . c o s t s ,  
t h e  component e l emen t s  o f  t h e  c o s t  f o r  each one o f  t h e s e  u ses  
were n o t  n e c e s s a r i l y  t h e  same, n o r  more g e n e r a l l y  a f f e c t e d  
by t h e  same i n f l u e n c e s .  
Th i s  a n a l y s i s  s h o u l d  l o g i c a l l y  l e a d  us  t o  q u e s t i o n  t h e  
e x i s t e n c e  o f  e l a s t i c i t i e s  of  consumption i n  r e l a t i o n  t o  p r i c e  
and t o  measure them. However, t h e  d i f f i c u l t i e s  i n h e r e n t  i n  
t h i s  k i n d  of  r e s e a r c h  work must be s t a t e d  h e r e :  
a )  a s  e l a s t i c i t y  i n  p r i c e s  o f  e l e c t r i c i t y  cou ld  ob- 
v i o u s l y  no t  c o n s t i t u t e  t h e  only  e x p l a n a t i o n  f o r  t h e  evolu-  
t i o n s  r eco rded ,  i t  was e s s e n t i a l  t o  d e f i n e  a  s t r u c t u r e  of  
r e p u t e d l y  homogeneous u ses  i n  r e s p e c t  of  a  s m a l l  number of 
pa rame te r s  ; 
b )  a t t e n t i o n  had t o  be g iven  t o  t h e  p o s s i b l e  c o - l i n e -  
a r i t y  between t h e  v a r i o u s  v a r i a b l e s ;  
c )  p r i c e s  o t h e r  t h a n  t h o s e  f o r  e l e c t r i c  power could  
i n f l u e n c e  consumption development .  I f  t h e  p r i c e  of  combus- 
t i b l e s  cou ld  be n e g l e c t e d  because  o f  t h e  p a r t i t i o n i n g  o f  t h e  
energy  marke t ,  t h e  e x i s t e n c e  o f  a  number o f  c r o s s e d  e l a s t i c -  
i t i e s  was n e v e r t h e l e s s  conce ivab le :  t h e  p r i c e  of e l e c t r i c  
household  equipment ,  f o r  example, f o r  a  l a r g e  f r a c t i o n  o f  
domes t i c  consumption,  or--and a  r e l e v a n t  c a s e  w i l l  be  s e e n  
l a t e r - - t h e  wages f o r  c e r t a i n  i n d u s t r i a l  u se s  (mechan iza t ion  
of  t a s k s ) ;  
d )  some uses  might prove t o  be  s e n s i t i v e  t o  c l i m a t i c  
c o n d i t i o n s  ; and 
e )  f A n a l l y ,  and i n  a more e s s e n t i a l  manner, suppos ing  
t h a t  i t  3s p o s s t b l e  t o  e s t i m a t e  e l a s t i c i t i e s  w i t h  r e s p e c t  t o  
p r i c e s ,  i n t e r p r e t a t i o n  of r e s u l t s  would neve r  be ve ry  e a s y ,  
The r ea son  f o r  t h l s  ? s  t h a t  s i n c e  t h e  number of u n i t  c o s t s  
d e c r e a s e s  w i t h  t h e  q u a n t i t i e s  s u p p l i e d ,  most of  t h e  t a r i f f s  
a p p l i e d  a r e  d e g r e s s i v e  w i t h  t h e  quantities consumed by t h e  
u s e r .  So t h e  e x i s t e n c e  of a  l i n k  q u a n t i t y  v e r s u s  p r i c e  could  
j u s t  a s  w e l l  r e p r e s e n t  a  c h a r a c t e r i s t i c  of t h e  supp ly  curve  
a s  a  c h a r a c t e r i s t i c  of t h e  demand cu rve .  
N e v e r t h e l e s s ,  f a i l i n g  any very  s e n s i t i v e  i n f l u e n c e ,  c a l -  
c u l a t i o n s  r e v e a l  s i g n i f i c a n t  b u t  s m a l l  l i n k s  between p r i c e s  
and consumption.  
For  example, t h e r e  i s  a  connec t ion  between t h e  e v o l u t i o n  
of consumption of  e l e c t r i c i t y  i n  i n d u s t r y  f o r  modulated u s e s  
(main ly  motive power) and t h e  r e l a t i o n  between t h e  p r i c e  i ndex  
f o r  t h i s  t y p e  of e l e c t r i c i t y  s u p p l i e s  and t h e  h o u r l y  wages 
i ndex ,  a  connec t ion  improved by t h e  i n t r o d u c t i o n  of a  one y e a r  
l a g .  The e q u a t i o n  i s  a s  f o l l o w s  : 
i n  which 
QHTM = t h e  modulated h i g h  v o l t a g e  consumption,  
p.  i . b .  = t h e  g r o s s  n a t i o n a l  p r o d u c t i o n  i n  volume, 
IPEW = t h e  r a t i o  e l e c t r i c i t y  p r i c e  v e r s u s  h o u r l y  
wages. 
I n  t h e  Appendix, a  complete  p r e s e n t a t i o n  of t h e  r e s u l t s  
o b t a i n e d  f o r  t h e  f o u r  main o p e r a t i n g  c a t e g o r i e s  w i l l  be found.  
1 . 2 .  A n a l y t i c a l  Models 
There  i s  a g r e a t  t e m p t a t i o n  t o  push  a n a l y s i s  f u r t h e r  and 
t o  t r y  t o  g e t  a  d e t a i l e d  breakdown df t h e  consumption of e l e c -  
t r i c i t y ,  by i s o l a t i n g ,  f o r  example, e a c h  of  t h e  d i f f e r e n t  
b r anches  of  i n d u s t r i a l  a c t i v i t y ,  s o  a s  t o  d i s c o v e r  t h e  t o t a l  
consumption by means of  summation, 
A c t u a l l y ,  one has  t o  f a c e  many d i f f i c u l t i e s  w i t h  t h i s  
approach ,  f o r  example, t h e  m u l t i p l i c a t i o n  of  hypo theses  on 
t h e  development of e a c h  s e c t o r  o f  a c t i v i t y ;  d i f f i c u l t i e s  
ve ry  q u i c k l y  become insurmountable  owing t o  combina t ions  of 
d i f f e r e n t  random v a r i a b l e s .  F i n a l l y ,  f o r e c a s t s  o b t a i n e d  by 
a g g r e g a t i o n  of p a r t i a l  r e s u l t s  a r e  e s s e n t i a l l y  based  on t h e  
p r e s e n t  nomencla ture  o f  t h e  b ranches .  Th i s  nomencla ture  w i l l  
i n e v i t a b l y  b e  m o d i f i e d  i n  t h e  f u t u r e  as t e c h n i c a l  p r o c e s s e s  
e v o l v e .  I n  consequence ,  one  h a s  t o  do w i t h o u t  permanent  
s t a t i s t i c a l  compensa t ion  which o p e r a t e s  be tween  e x p a n d i n g  
and d e c l i n i n g  b r a n c h e s  w i t h o u t  t a k i n g  i n t o  c o n s i d e r a t i o n  t h e  
s u c c e s s i v e  r e l a y  be tween  u s e s ,  which we have  a l r e a d y  d i s -  
c u s s e d ,  and t h e  " c r e a t i v e  d e s t r u c t i o n , "  w h i c h ,  a c c o r d i n g  t o  
Schumpete r ,  can  be i d e n t i f i e d  w i t h  economic g rowth .  
Must a l l  t y p e s  o f  a n a l y t i c a l  a p p r o a c h  be  r e j e c t e d  g l o b -  
a l l y ?  C e r t a i n l y  n o t .  F i r s t  o f  a l l ,  t h e s e  a p p r o a c h e s  g i v e  
a p o s s i b i l i t y  o f  c r o s s c h e c k i n g  i n f o r m a t i o n ,  however i m p e r f e c t  
i t  might  b e ;  on t h e  o t h e r  h a n d ,  t h e y  a r e  e s s e n t i a l  i n  c a s e s  
where  s p e c i f i c  i n f o r m a t i o n  i s  r e q u i r e d .  A s  a n  example,  l e t  
u s  n o t e  f o r e c a s t s  c o n c e r n i n g  t h e  e v o l u t i o n  of 1 o a d . d u r a t i o n  
c u r v e s ,  a n  e l e m e n t  t h a t  c a n n o t  b e  d i s a s s o c i a t e d  f rom f o r e -  
c a s t s  c o n c e r n i n g  power consumpt ion ,  i . e  . t h e  n e c e s s i t y  t o  
l o c a l i z e  f u t u r e  consumption i n s i d e  a  g i v e n  t e r r i t o r y .  
F i n a l l y ,  a n a l y t i c a l  models  a r e  o f t e n  l i k e l y  t o  s u p p l y  
p r e c i o u s  i n f o r m a t i o n  f o r  m o d i f y i n g ,  i n  one d i r e c t i o n  o r  an- 
o t h e r ,  t h e  f a r e c a s t s  p roduced  by e c o n o m e t r i c  mode ls .  An 
i l l u s t r a t i o n  o f  t h i s  i s  s u p p l i e d  by a n  a n a l y s i s  t e s t  on i n -  
c r e a s e s  i n  i n t e r m e d i a t e  consumption o f  e l e c t r i c i t y  ( a g r i c u l -  
t u r e ,  i n d u s t r y ,  t r a n s p o r t ,  t e r t i a r y  s e c t o r )  i n  t h r e e  component 
p a r t s  : 
1 )  v a r y i n g  l i k e  g e n e r a l  economic a c t i v i t y ;  
2 l i n k e d  t o  m o d i f i c a t i o n s  i n  t h e  w e i g h t s  of  v a r i o u s  
b r a n c h e s  o f  a c t i v i t y ,  which a r e  c a u s e d  by s t r u c t u r a l  changes  
i n  t h e  f i n a l  demand; and 
3 )  l i n k e d  t o  t h e  e v o l u t i o n  o f  t h e  t e c h n i c a l  c o e f f i -  
c i e n t s  i n  e a c h  b r a n c h  and r e f l e c t e d  i n  t h e  consequences  of  
t h e  c m s u m p t i c n  o f  e l e c t r i c t t y  o f  changes  i n  p r o d u c t i o n  
p r o c e s s e s .  
S t u d i e s  of  t h i s  t y p e  make i t  p o s s i b l e  t o  q u a n t i f y  t h e  
i n c i d e n c e s  o f  e l e c t r i c i t y  development  due t o  a l l e v i a t i o n  o f  
i n d u s t r i a l  s t r u c t u r e s :  i n c r e a s e s  i n  t h e  r e l a t i v e  i m p o r t a n c e  
o f  l i g h t  i n d u s t r i e s  consuming l i t t l e  power at  t h e  e x p e n s e  o f  
h e a v i e r  i n d u s t r i e s ;  e s t i m a t e s  o f  any a c c e l e r a t i o n s  t h a t  
might  be  e x p e c t e d  as a r e s u l t  o f  m o d i f i c a t i o n s  t o  t e c h n i c a l  
p r o d u c t i o n  p r o c e s s e s ;  and i n  a  more g e n e r a l  manner ,  d e t e c t i o n  
i n  good t i m e  o f  any new f a c t s  l i k e l y  t o  i n f l u c e n c e  f u t u r e  
consumpt ion  i n  a  s i g n i f i c a n t  manner.  
I n  c o n d i t i o n s  g o v e r n i n g  t h e  g rowth  o f  e l e c t r i c i t y  i n  t h e  
p a s t ,  as d e s c r i b e d  a b o v e ,  t h e  a n a l y t i c  a p p r o a c h  o n l y  p l a y e d  
an a c c e s s o r y  r o l e .  The f a c t  i s  t h a t  demand d e v e l o p e d  i n  a 
r e g u l a r  manner and exogenous ly  p l a c e d  e c o n o m e t r i c  a p p r o a c h e s  
I n  a f a v o r a b l e  p o s i t i o n .  U n c e r t a i n t i e s  c o n c e r n i n g  t h e  t o t a l  
were  v e r y  l i m i t e d  and e l e c t r i c i t y  p r o d u c e r s  c o u l d  p r o c e e d  t o  
" a d j u s t "  t h e i r  p rograms  w i t h i n  a  s y s t e m  where s t a b i l i t y  r e i g n e d  
( t h e  t e r m  " a d j u s t m e n t "  i s  f u r t h e r m o r e  s i g n i f i c a t i v e  i n  t h i s  
c o n n e c t i o n ) .  
2 .  New C o n d i t i o n s  Govern ing  t h e  Growth o f  E l e c t r i c i t y  
Consumption 
F o r  some l i t t l e  t i m e  now, however ,  s i g n s  o f  a  new s i t u -  
a t i o n  have  become a p p a r e n t .  Faced  w i t h  t h e  medium- and l o n g -  
t e r m  p r o s p e c t s  c o n c e r n i n g  t h e  p r i c e s  o f  d i f f e r e n t  t y p e s  o f  
power ,  p r o d u c e r s  3 f  e l e c t r i c i t y  e x p e c t e d  t h a t  t h e  p a r t i t i o n  
s e p a r a t i n g  t h e  f o s s i l  e n e r g y  s e c t o r  and t h e  e l e c t r i c i t y  s e c -  
t o r  on t h e  power marke t  would g r a d u a l l y  d i s a p p e a r .  They had 
drawn a n  i m p o r t a n t  c o n c l u s i o n :  p r o s p e c t s  c o n c e r n i n g  t h e  
c o s t  and  r e l i a b i l i t y  o f  s u p p l i e s  made c o s t - e f f e c t i v e n e s s  a 
r a t h e r  f a s t  deve lopment  o f  n u c l e a r  power p r o d u c t i o n .  Never- 
t h e l e s s ,  t h i s  deve lopment  would depend on a s u f f i c i e n t  s u r g e  
i n  t h e  consumpt ion  o f  e l e c t r i c i t y ,  p a r t i c u l a r l y  i n  t h e  h e a t -  
i n g  m a r k e t ,  which ,  as we have s e e n ,  h a s  b e e n  r e s e r v e d  up t i l l  
now f o r  t h e  f o s s i l  e n e r g y  s e c t o r .  Hence, a  f i r s t  d e c i s i o n :  
i t  i s  no l o n g e r  enough j u s t  t o  f o l l o w  demand; i t  becomes 
e s s e n t i a l  t o  t a k e  t h e  a p p r o p r i a t e  commerc ia l  and p r o m o t i o n a l  
s t e p s  t o  a c t i v a t e  t h i s  demand. 
A d e c i s i o n  o f  : h i s  k i n d ,  which announced  t h e  end o f  con-  
d i t i o n s  i n  which demand was formed e n t i r e l y  e x o g e n o u s l y ,  b r o u g h t  
a b o u t  a n  i n i t i a l  u p s e t  i n  t h e  s y s t e m :  t h e  n o t i o n  o f  a  s t r u c -  
t u r a l  i n v a r i a n t  began  t o  f a d e  away. But i t  was n e v e r t h e l e s s  
f a i r  t o  assume t h a t  t h i s  would be  g r a d u a l  and t e m p o r a r y ,  as 
l o n g  a s  t h e  g rowth  o f  t h e  demand i s  d i s t u r b e d .  
The c o n s i d e r a b l e  i n c r e a s e  i n  t h e  p r i c e  o f  f o s s i l  e n e r g y  
h a s  s t i l l  f u r t h e r  u p s e t  f o r e c a s t i n g  methodology .  It means 
p a s s i n g  f rom a  s y s t e m  w i t h  f i x e d  f r o n t i e r s  t o  a n  open s y s t e m ,  
i n  which t h e r e  i s  no " n a t u r a l "  l i m i t  t o  t h e  e x p a n s i o n  o f  
e l e c t r i c a l  e n e r g y  and which i s  d o m i n a t e d  by t h e  s u b s t i t u t -  
a b i l i t y  e x i s t l n g  be tween  d i f f e r e n t  e n e r g y  t y p e s .  I n  t h e  
m a t t e r  o f  power ,  economic c h o i c e s  h a v e  a l w a y s  b e e n  l o n g - r a n g e  
c h o i c e s .  It  i s  t h e r e f o r e  up t o  government  a u t h o r i t i e s  t o  f i x  
a medium- and l o n g - t e r m  p r i c e  on t h i s  m a r k e t .  Governments a r e  
c a p a b l e  o f  i n d u c i n g  p r e s e n t  and f u t u r e  c h o i c e s  i n  c o n f o r m i t y  
w i t h  t h e  g e n e r a l  power p o l i c y  t h e y  i n t e n d  t o  f o l l o w ,  p a r t i c -  
u l a r l y  i n  making t h e  n e c e s s a r y  s u b s t i t u t i o n s  p o s s i b l e  i n  t h e  
b e s t  p o s s i b l e  c o n d i t i o n s .  
I n  s o  f a r  a s  f o r e c a s t i n g  i s  c o n c e r n e d ,  i n e r t i a  and  t i m e  
c o n s t a n t s  f o r b i d  t h e  p u r e  and s i m p l e  abandonment o f  t h e  methods 
u s e d  up t i l l  now. I n  t h e  medium t e r m ,  r a d i c a l  t r a n s f o r m a t i o n s  can  
o n l y  have  a n  e f f e c t  on r h e  s y s t e m ' s  m a r g i n ,  s i n c e  e v e r y t h i n g  
t h a t  a l r e a d y  e x i s t s  c o n s t i t u t e s ,  by i t s  v e r y  n a t u r e ,  a  more 
s t a b l e  k e r n e i  which p a s t  d e c i s i o n s  have  s h a p e d  i n  a  manner 
d i f f i c u l t  t o  r i - v e r s e .  
On t h e  o t h e r  hand ,  i n  t h e  l o n g  t e r m ,  i t  i s  e a s i e r  t o  d i s p o s e  
o f  t h e  i n i t i a l  s i t u a t i o n :  t h e  r e l a t i v e  p r i c e s  w i l l  b e  c a l l e d  
upon t o  p l a y  a  d e t e r m i n i n g  r o l e ,  a n d ,  owing t o  t h e  q u a s i - t o t a l  
s u b s t i t u t a b i l i t y  be tween  t h e  d i f f e r e n t  fo rms  o f  power ,  d i s t r i -  
b u t i o n  o f  t h e  m a r k e t  i s  much more open .  I n  t h i s  d i s t r i b u t i o n ,  
t h e  m a s s i v e  a d v e n t  o f  n u c l e a r  power w i l l  e n a b l e  e l e c t r i c i t y  
t o  p l a y  a n  i m p o r t a n t  r o l e  i n i t i a l l y .  F o r  a  l o n g e r  t e r m ,  
t h o u g h ,  o t h e r  o p e r a t i n g  m o d a l i t i e s  must n o t  b e  n e g l e c t e d .  
The e l e c t r i c i t y  s e c t o r ,  a s  r e g a r d s  b o t h  demand and  p r o -  
d u c t i o n ,  i s  t h u s  f a c e d  ~ i t h  new u n c e r t a i n t i e s ,  a n d ,  i n  o r d e r  
t o  remove u n c e r t a i n t i e s  on t h e  d i s t r i b u t i o n  o f  m a r k e t s  i n s i d e  
t h e  power s e c t o r ,  one  i s  i n c l i n e d  t o  " g l o b a l i z e "  t h e  p r o b l e m .  
T h i s  g l o b a l i z a t i o n  c o n s t i t u t e s  a  r a d i c a l  b r e a c h  o f  p r e s e n t  
f o r e c a s t i n g  methods :  i n s t e a d  o f  a  f o r e c a s t  f o r  e l e c t r i c i t y ,  
which i s  quas i -au tonomous  and  which s c a r c e l y  t a k e s  i n t o  a c -  
c o u n t  t h e  i n t e r p l a y  be tween  t h e  d i f f e r e n t  forms o f  power ,  t h e  
e x t e n s i o n  o f  t h e  p r o b l e m  aims a t  d e t e r m i n i n g ,  on a  n a t i o n a l  
p l a n n i n g  b a s i s ,  t h e  b e s t  p o s s i b l e  d i s t r i b u t i o n  o f  t h e  f i n a l  
demand f o r  power .  
An a p p r o a c h  o f  t h i s  k i n d  h a s  n o t  y e t  b e e n  f o r m a l i z e d ,  
b u t  r e s e a r c h  work i s  b e g i n n i n g  i n  t h i s  d i r e c t i o n .  It  con- 
s i s t s  o f  t h e  f o l l o w i n g :  b a s e d  on a  f o r e c a s t  f o r  f i n a l  u s e s ,  
w i t h o u t  p r e - d e t e r m i n i n g  t h e  form o r  forms o f  e n e r g y  t o  b e  
u s e d ,  t h e  d i f f e r e n t  c h a i n s  a r e  f o l l o w e d  up t o  i n t e r m e d i a t e  
and  p r i m a r y  forms o f  e n e r g y ;  t h e  b e s t  p o s s i b l e  d i s t r i b u t i o n  
f rom t h e  ~ o i n '  o f  v iew of  t h e  community i s  t h e n  examined .  
The c r i t e r i a  f o r  e s t i m a t i n g  t h e  b e s t  s o l u t i o n  t o  a  p rob-  
lem o f  t h i s  k i n d  s h o u l d  be  t o  t a k e  q u a l i t a t i v e  a s p e c t s  i n t o  
c o n s i d e r a t i o n ,  s u c h  a s  r e l i a b i l i t y  o f  s u p p l i e s  o f  p r i m a r y  
e n e r g y  o r  e x t e r n a l  e f f e c t s  ( n u i s a n c e s ) .  I n  s o  f a r  a s  e a s i l y  
q u a n t i f i e d  a s p e c t s  a r e  c o n c e r n e d ,  i t  s h o u l d  b e  p o s s i b l e  t o  
t a k e  i n t o  a c c o u n t  t h e  v a r i o u s  c o s t s  d e f i n i n g  e a c h  c h a i n :  
a )  t h e  c o s t  o f  s u p p l i e s  o f  f o s s i l  e n e r g y  and n u c l e a r  
c o m b u s t i b l e s ;  
b )  i n v e s t m e n t  and o p e r a t i n g  c o s t s  i n  t h e  p r o d u c t i o n  
p r o c e s s  o f  e l e c t r i c i t y  ( a n d  p o s s i b l y  of h y d r o g e n )  and c o s t s  
i n v o l v e d  i n  o t h e r  p r o c e s s e s  f o r  t r a n s f o r m i n g  f o s s i l - t y p e  com- 
b u s t i b l e s ;  and 
c )  f i n a l l y ,  a n  i m p o r t a n t  i n n o v a t , i o n  i n  t h e  a p p r o a c h  
s u g g e s t e d - - i n v e s t m e n t  and  o p e r a t i o n  c o s t s  i n c u r r e d  by f i n a l  
consumers - -depend ing  b o t h  on t h e  t y p e  o f  e n e r g y  u s e d  and  
o p e r a t i n g  c o s t - e f f e c t i v e n e s s .  
The main p a r a m e t e r s  g o v e r n i n g  t h e  p r o b l e m  a r e  a s  f o l l o w s :  
1 )  e v o l u t i o n  o f  t h e  c o s t  o f  f o s s i l - t y p e  a n d  n u c l e a r  
c o m b u s t i b l e s  ; 
2 )  t h e  r e s u l t s  and c o s t - e f f e c t i v e n e s s  o f  w a t e r  e l e c -  
t r o l y s i s ;  
3 )  t h e  c o s t - e f f e c t i v e n e s s  and a r r i v a l  d a t e  f o r  hydro-  
gen  t u r b i n e s ;  
4) t h e  c o s t - e f f e c t i v e n e s s  and a r r i v a l  d a t e  o f  thermo- 
c h e m i c a l  w a t e r  d i s s o c i a t i o n  p r o c e s s e s ;  and  
5 )  t h e  " a s y m p t o t i c "  l e v e l s  o f  demand f o r  d i f f e r e n t  u s e s  
A l l  o f  t h e s e  a r e  u n c e r t a i n  p a r a m e t e r s ,  i n d u c i n g  u s  t o  
l o o k  f o r  a n  answer  n o t  i n  t h e  fo rm o f  one s i n g l e  d e c i s i o n ,  
b u t  i n  t h e  form o f  a  s t r a t e g y  d e p e n d e n t  upon t h e  r e a l i z a t i o n  
o f  t h e  v a r i o u s  p a r a m e t e r s .  
The o u t p u t  o f  s u c h  a  model would be  t h e  e v o l u t i o n  o f  t h e  
demand f o r  i n t e r m e d i a t e  forms o f  e n e r g y  ( e l e c t r i c i t y ,  h y d r o g e n ,  
n a t u r a l  g a s ,  p e t r o l e u m  p r o d u c t s ,  heavy f u e l ,  c o a l ) .  Knowl- 
edge  o f  t h e s e  t i m e  s e r i e s  i s  e s s e n t i a l  t o  t h e  p r o d u c e r  o f  
e l e c t r i c i t y :  by p r o v i d i n g  t h e  t a r g e t s  most s u i t a b l e  t o  t h e  
communi ty ' s  i n t e r e s t s  (mean ing  l e s s  w a s t e ) ,  i t  c a n  s e r v e  a s  
a  b a s i s  f o r :  
a )  i t s  commercia l  p o l i c y ,  and 
b )  i n v e s t m e n t  and  p r o d u c t i o n  d e c i s i o n s .  
It t h u s  a p p e a r s  t h a t  new c o n d i t i o n s  g o v e r n i n g  t h e  g rowth  
o f  t h e  u s e  o f  e l e c t r i c i t y  mean t h a t  t h e  p r o b l e m  o f  d i s t r i b u t i o n  
o f  m a r k e t s  i n s i d e  t h e  c o m p l e t e  power s e c t o r  must be  g l o b a l i z e d .  
T h i s  e n t a i l s  a  g r e a t  change compared w i t h  p r e v i o u s l y  
u s e d  methods .  T h i s  w i l l  i n d i s p u t a b l y  r e q u i r e  t h a t ,  t o  a  f a r  
g r e a t e r  e x t e n t  t h a n  i n  t h e  p a s t ,  t h e  c o n d i t i o n s  g o v e r n i n g  
c o m p e t i t i o n  be tween  t h e  v a r i o u s  fo rms  o f  power w i l l  have  t o  be  
examined  w i t h  s p e c i a l  a t t e n t i o n .  T h e s e  c o n d i t i o n s  c a n  o n l y  b e  
a p p r e c i a t e d  i f  c o m p a r i s o n s  b e t w e e n  c o m p l e t e  c h a i n s  a r e  made, 
b e g i n n i n g  w i t h  p r i m a r y  e n e r g y  a n d  e x t e n d i n g  t o  f i n a l  u s e .  
The f i e l d  o f  t h i s  a n a l y s i s  w i l l ,  f rom now o n ,  h e  c o n s i d -  
e r a b l y  e n l a r g e d .  The f u t u r e  p o s i t i o n  o f  t h e  power s y s t e m  i t -  
s e l f  w i t h i n  t h e  whole  economic s y s t e m  c a n n o t  be  d e t e r m i n e d  w i t h  
any c e r t a i n t y  and  w i l l  depend t o  a  v e r y  g r e a t  e x t e n t  on t h e  
b e h a v i o r  o f  t h e  community and  t h e  p o l i c i e s  a d o p t e d .  
ELECTRICITY AND ENERGY SYSTEMS 
Appendix 
The E f f e c t  o f  P r i c e s  o n  t h e  Demand f o r  E l e c t r i c i t y  
Energy i n  g e n e r a l  and e s p e c i a l l y  u n d e r  t h e  e l a b o r a t e  
fo rm of  e l e c t r i c i t y  t a k e s  a  g r e a t  p a r t  i n  t h e  economic g rowth  
o f  t h e  d e v e l o p e d  c o u n t r i e s .  
The demand f o r  e l e c t r i c i t y  f o l l o w s  a  v e r y  s t e a d y  t r e n d  
i n  t h e  medium r a n g e  ( i t  d o u b l e s  a p p r o x i m a t e l ,  e v e r y  :.O y e a r s )  ; 
b u t  t h i s  t r e n d  g o e s  w i t h  a  d i v e r s i f i e d  g rowth  o f  t h e  d i f f e r -  
e n t  u s e s  o f  e l e c t r i c i t y .  When one t r i e s  t o  p o i n t  o u t  t h e  
e f f e c t  o f  p r i c e s  on e l e c t r i c i t y  demand, one m e e t s  two k i n d s  
o f  d i f f i c u l t i e s ,  d u e :  
- f i r s t  t o  t h e  n e c e s s i t y  o f  d e f i n i n g  a homogeneous r e p a r -  
t i t i o n  be tween  t h e  u s e s ;  and 
- s e c o n d l y  t o  t h e  d e p e n d e n c i e s  be tween  most o f  t h ~  e x p l a n -  
a t o r y  v a r i a b l e s .  
1. Methodology 
1.1 S t r u c t u r e  o f  Uses 
F o u r  u s e s  a r e  d i s t i n g u i s h e d :  
1 )  l i g h t i n g  and  d o m e s t i c  u s e s ;  
2 )  m o t i v e  power f o r  i n d u s t r y ;  
3 )  e l e c t r o l y s i s  and s p e c i f i c  i n d u s t r i a l  u s e s ;  and 
4 )  i n t e g r a t e d  e l e c t r i c  h e a t i n g .  
The s t a t i s t i c a l  d a t a  a v a i l a b l e  l e a d  o f t e n  t o  o v e r -  
s i m p l i f i c a t i o n .  One c a n  c o n s i d e r  t h a t  t h e  f i r s t  u s a g e  c o r -  
r e s p o n d s  t o  t h e  low v o l t a g e  demand, even  t h o u g h  one  f i n d s  
m o t i v e  power i n  t h e  low v o l t a g e  s a l e s  and  l i g h t i n g  i n  t h e  
h i g h  v o l t a g e .  The s e c o n d  t y p e  ( " i n d u s t r i a l  m o d u l a t e d  demand") 
i s  d e f i n e d  as t h e  r e s i d u a l  p a r t  of t h e  h i g h  v o l t a g e  s a l e s .  
The t h i r d  t y p e  ( ' ' f l a t  uses"  c o v e r s  i n d u s t r i a l  s e c t o r s  c h a r -  
a c t e r i z e d  by a  r a t h e r  r e g u l a r  l o a d  d u r a t i o n  c u r v e .  One must 
~ ~ w s i d e r  t h e  d e ~ a n d  f o r  t h e  f o u r t h  u s e  a s  n p g l i g i b l e  i n  t h e  
p a s t .  
1 . 2  Dependent V a r i a b l e s  
To b u i l d  a  m u l t i v a r i a b l e  e x p l a n a t o r y  model f o r  t h e  e l e c -  
t r i c i t y  demand, o n e  m e e t s  p r o b l e m s  due t o  t h e  f a c t  t h a t  most 
o f  t h e  e x p l a n a t o r y  v a r i a b l e s  ( G N P ,  i n d u s t r i a l  added  v a l u e ,  
h o u s e h o l d  c o n s u m p t i o n ,  e l e c t r i c i t y  p r i c e s ,  g e n e r a l  l e v e l  o f  
p r i c e s ,  wages . . .  ) a r e  n o t  i n d e p e n d e n t .  
T h i s  l e a d s  t o  c o n s i d e r a t i o n  o f  t h e  r a t e s  o f  g rowth  a n d  
n o t  t h e  a b s o l u t e  l e v e l s  o f  t h e  d i f f e r e n t  v a r i a b l e s .  
2 .  E x p l a n a t o r y  V a r i a b l e s  
Use ( 1 )  
The g rowth  o f  t h e  low v o l t a g e  demand i s  i n  r e l a t i o n s h i p  
w i t h  t h e  number o f  consumers  ( i . e .  p r a c t i c a l l y  t h e  s i z e  o f  
t h e  p o p u l a t i o n )  a n d  w i t h  t h e  h o u s e h o l d  e q u i p m e n t .  I t  seems 
t h a t  t h e  u t i l i z a t i o n  o f  new h o u s e h o l d  equ ipment  i s  r e s p o n -  
s i b l e  f o r  t h e  g rowth  o f  t h e  demand, s o  t h a t  one  may r e t a i n  
h o u s e h o l d  c o n s u m p t i o n  a s  a n  e x p l a n a t o r y  v a r i a b l e .  So f a r  a s  
one c o n s i d e r e d  t h a t  t h e  o p e r a t i n g  c o s t  o f  e l e c t r o - d o m e s t i c  
e q u i p m e n t  h a d  no e f f e c t  on t h e  b u y e r s '  d e c i s i o n s ,  t h e  a c t u a l  
g r o w t h  o f  low v o l t a g e  demand i s  weak ly  c o r r e l a t e d  w i t h  t a r i f f  
i n c r e a s e s  ( r e a l  and  n o m i n a l ) .  The p a r t i a l  c o r r e l a t i o n  co- 
e f f i c i e n t s  a r e  r e s p e c t i v e l y  .19  a n d  . 4 8 ,  and t h e  c o r r e l a t i o n  
may b e  improved  by c o n s i d e r i n g  a moving a v e r a g e  o f  d e f l a t e d  
i n c r e a s e s  o v e r  2 o r  3 y e a r s .  T h i s  r e f e r s  i m p l i c i t l y  t o  a  
b e h a v i o r  which  would a d a p t  i t s e l f  t o  t h e  p a s t  t e n d e n c y  o f  
p r i c e s .  
Wea the r  s e v e r i t y  i s  t h e  l a s t  e x p l a n a t o r y  v a r i a b l e  i n -  
t r o d u c e d  b e c a u s e  o f  i t s  e f f e c t  b o t h  o n  e x t r a  h e a t i n g  and  on 
l u m i n o s i t y  ( h e n c e  on l i g h t i n g  u s e s  ) . 
Use ( 2 )  
A s  f o r  low v o l t a g e  s a l e s ,  t h e  e v o l u t i o n  o f  m o t i v e  power 
u s e s  i n  i n d u s t r y  may b e  r e l a t e d ,  i n  t h e  medium t e r m ,  t o  t h e  
s u b s t i t u t i o n  o f  c a p i t a l  goods  f o r  l a b o r ,  a l t h o u g h  t h e r e  may 
b e  f l u c t u a t i o n s  i n  t h e  r a t e  o f  u t i l i z a t i o n  o f  p r o d u c t i o n  
c a p a c i t i e s .  , A s  a  m a t t e r  o f  f a c t ,  one  may p o i n t  o u t  a r e l a -  
t i o n s h i p  b e t w e e n  t h e  d e f l a t e d  p r i c e  o f  e l e c t r i c i t y  a n d  t h e  
r e l a t i v e  p r i c e  o f  e l e c t r i c i t y  v s .  wages .  The c o r r e l a t i o n  i s  
i n t r o d u c i n g  a. t i m e  l a g  o f  one y e a r  f o r  p r i c e s .  
Use ( 3 )  
F o r  a  c e r t a i n  number o f  u s e s  g a t h e r e d  i n  t h i s  g r o u p ,  
e l e c t r i c i t y  h a s  no p r a c t i c a l  s u b s t i t u t e  ( e . g .  f o r  a lumin ium 
p r o d u c t i o n ) ,  and  i s  o f t e n  a  d e t e r m i n a n t  p a r t  o f  p r o d u c t i o n  
c o s t s .  
T h e r e  i s  a c t u a l l y  a  s t r o n g  c o r r e l a t i o n  be tween  t h e  p ro-  
d u c t i o n  o f  t h e  d i f f e r e n t  s e c t o r s  i n v o l v e d  and  t h e i r  demand 
f o r  e l e c t r i c i t y .  One must o f  c o u r s e  t a k e  i n t o  a c c o u n t  t e c h -  
n i c a l  p r o g r e s s  which t e n d s  e i t h e r  t o  i n c r e a s e  o r  t o  d e c r e a s e  
t h e  s p e c i f i c  consumpt ion  ( e . g .  s t e e l  o r  a l u m i n i u m ) .  
A d e c r e a s i n g  t r e n d  i n  t h e  r a t e  o f  g rowth  o f  t h i s  t h i r d  
u s e  i s  due t o  i n t e r n a t i o n a l  c o m p e t i t i o n :  one  may o b s e r v e  i n  
t h i s  t y p e  o f  b i g  e l e c t r i c i t y  consumer  a  t p n d e n c y  t o  l o o k  f o r  
new l o c a t i o n s  i n  a r e a s  where  b o t h  m i n e r a l  r e s o u r c e s  and  e l e c -  
t r i c i t y  a r e  c h e a p  and a b u n d a n t .  
Apar t  f rom t h e  GNP, t h e  b e s t  e x p l a n a t o r y  v a r i a b l e  i s  t h e  
n o m i n a l  i n d e x  o f  h i g h  v o l t a g e  e l e c t r i c i t y  p r i c e s .  
3. R e s u l t s  
The s t a t i s t i c a l  d a t a  c o v e r  t h e  p e r i o d  1952-1972. A l l  
t h e  r e g r e s s i o n  c o e f f i c i e n t s  a r e  one non-ze ro  a t  t h e  l e v e l  o f  
s i g n i f i c a n c e  o f  5 p e r  c e n t .  Durb in  and Watson ' s  c o e f f i c i e n t s  
a r e  a l s o  ' s a t i s f a c t o r y .  
Use (11 
V a r i a b l e s  : 
QBT : Low v o l t a g e  consumpt ion  ( i n  TWh) 
I C M  : I n d e x  o f  h o u s e h o l d  c o n s u m p t i o n ,  i n  volume 
( 1 , 0 0 0  i n  1 9 5 2 )  
IPRBT : I n d e x  o f  r e a l  p r i c e s  f o r  low v o l t a g e  s a l e s  
( 1 , 0 0 0  i n  1 9 5 2 )  
ITBT : I n d e x  o f  low v o l t a g e  t a r i f f  
CRC : Weather  s e v e r i t y  c o e f f i c i e n t  
Log QBT = 1 , 8 5  Log I C M  - 3.94  (R = 0 . 9 9 9 )  
AQBT - 0.63  mM + 8 . 3  ACRC + 6.26 ( R  = 0 .71 )  - -  QBT I C M  
A I C M  AIPRBT 
= 0.56 - + 8.4  ACRC - 0.06 -+ 6.53 QBT I C M  IPRBT 
AIPMBTOl2 
- -  
A I C M  
- 0.36 + 7.9 ACRC - 0.66 IPMBT012 QBT 
AIPMBTO1 
= 0.18  + 8.0  ACRC - 0 .48  IPMBTOl &BT I C M  
The bes t  r e g r e s s i o n  i s :  
AIPMBT12 
- -  
A I C M  
- 0 .58  -- 
QBT I C M  0'39 1PMBTl2 + 8.7 ACRC + 6 . 1 1  
QMTM : Modulated h i g h  v o l t a g e  consumption ( i n  TWh) 
IPIB : Index  of t h e  g r o s s  i n t e r n a l  p r o d u c t i o n  i n  
volume 
IPRHT : Index  of t h e  r e a l  p r i c e s  of h i g h  v o l t a g e  
s u p p l i e s  
IPEW : Index  of t h e  r e l a t i v e  p r i c e s  e l e c t r i c i t y  
v s  . wages 
Log QGTM = 1.29  Log I P I B  + 2.73  (R = 0.9987)  
AQHTM - A I P I B  
&HTM - l.j3 TFn 
AIPIB 
= 1.11 - 0.25 - QHTM A ( R z 0 . 8 2 )  
ATPTB 
'&HTM = 1 .22  -- 0 .38  - &BTM ITIB 'IPRHT (R = 0 . 8 3 )  IPRHT 
ATPRHT-l 
- -  
AIPIB AQHTM - 1 - 3 1  -- QHTM IPIB 0 ' 2 4  IPRHT-l (R = 0 .84 )  
The b e s t  r e g r e s s i o n  i s :  
AQHTM - AIPIB AIPEW-l QHTM - 1.11 -- IPIB 0 ' 2 6  IPEW-, (R = 0 .85 )  . 
Use ( 3 )  
QUP : " F l a t "  u s e s  ( i n  TWh) 
IPIB : Index  of t h e  g r o s s  i n t e r n a l  p r o d u c t i o n  i n  
volume 
ITHT : Index of t h e  h i g h  v o l t a g e  t a r i f f  (1 ,000  i n  
1952) .  
Log &UP = 1.095 Log IPIB - 4.60 ( R  = 0 .984)  
AQUP = AIPIB 
QUP IPfS 
The b e s t  r e g r e s s i o n s  a r e  : 
AIPIB AQuP = 1 . 6 0  - 0 .010  ITHT + 10.18  
&UP ( 0 . 4 6 )  ''IB ( 0 , 0 0 3 )  (4 .15 )  
4 .  Conclus ion  
I n  t h e  p a s t  t h e  e f f e c t  o f  p r i c e s  may be c o n s i d e r e d  a s  
r a t h e r  weak. However s t u d i e s  i n  te rms  of  e l a s t i c i t i e s  can be 
unde r t aken ,  keeping  i n  mind t h a t  t h e i r  c o n c l u s i o n s  a r e  very  
u n c e r t a i n .  
One o f  t h e  p a r t i c i p a n ' i s  askecl :l:E : :i \?i?,;i~l.,:,.ti.c:~ qrowt!I 
had been  t aken  i n t o  account  i n  .i:l?::: !::i.'i : ' . ,  ':..:., Jai-i-1 zfiswered 
t h a t  t h i s  i s  done by t h e  nc.mhe; r:: ;~cil::~-thn . ? I : ; .  
. . M r .  Sty r ikov ic t l  (USSR) azkcc! .i:2 : : ' I -  ~ ? l ~ : ? r ~ : . i ~ i ~ : ! . i ~ ~ , ,  demand 
f o r  house  h e a t i n g  comes from rcsJ.::> lnr-;c? i!e;:-.:Ln:.: .. ~JI:: ,Jani.n 
r e p l i e d  t h a t  t hey  a r e  j u s t  a t  the ' ~ c : ? c ~ ; i  r nf ;:ir o:; 5. i;~-ril:r t o  
. - .  f i n d  o u t  t h e  h e s t  system f i a r  ul.eil.:-?::LC:;.,!. !?:- ?.!:<.:.r.: I n  ;:tlj.s 
s t u d y  r e s i s t a n c e  h e a t i n g  am! a!.sr> r j  ii'-.::-;_.'r ::-~..:-:si:?nce iieatj-ng 
d u r i n g  t h e  n i g h t  a r e  por,si'3i_l.?.-::~.i?i: w l . . : . ~ : :  :.TC , ?C:I . IF;<~C~~?P&. 
F i n a l l y ,  he  remaked t h a t  a qcori -'.~-!s~.l:i;i:. i I-';. .'~: o,:? :f!~iilg which 
is  impor t an t  f o r  each of t h e s e  sy? ::e!.::. ,, ; L ~ . c  .-.:-#> I're.gch qovern- 
ment pub l i shed  i n s u l a t i o n  norrns Y!_I?'.L:! !?ii;r.: :.-I :he : ;attsfied by 
new b u i l d i n g s  i n  1978. The]-: Pr .. S-I:\;!:iI.;:>~iilc:!! c.:mx~entc?i t h a t  
t h e y  do n o t  want t o  : inereasc .i:hc Cir~11~?-.17;! I'Q? rlectri~c:.::lr; t h u s  
they  u s e  c e n t r a l  h e a t i n g  vrl>.Lci! .re::-.; r)s I':.-i--.-i- .,.?I energy from 
c e n t r a l  e l e c t r i c  powel: statj-oil;:. l\c':.. ,-'rl:b!i.:! ;I.c'--ccC. :;?ram n 
t h e o r e t i c a l  and physic?.: pain': 0.t .,;-: ::w iji; i-. i::,: .-'--,> ogf: t h a t  
t h e  r e g u l a t i o n  o f  thermal. ene.rui; .! ;: ,;-.;.-y (: . I : . : : , .  ' . <.= .- .- ier! clue t.o 
t h e  l o s s  d u r i n g  t h e  t r a n s p a y  t,-. ';ior, ; : (,- i!-. r: ?.ri:>:: !o:;c !r:,zrmal 
energy is d e l i v e r e d  t o  tl-12 S . ~ a l  c~>!.i:;i-:'?<:-:: ' .'.?.an .::: ric-kually 
. . . 
needed and t h e  o n l y  way to mant:l.cre : L :  : .. .! ...i.7e17 7h,2 ; . i i .ndo~~.  
Then h e  lnentioned .?, F;-nch s tu&r s',:.,:: ': :' r.:: ... ...<-:... .-,-,' - ,rc;a-!:in9 
. . 
combined w i t h  good insulaki .on 21-1.d ~rec;?-: ..; ,11:3n o' c::.i!trzl hea t -  
i n g  where t h e  to t a l .  demand Eoir ene::q,: cc:!-~q i:n 1-e airnost 
t h e  same i n  b o t h  c a s e s .  
.- . Another  d e l e g a t e  made .irwo cor!.r:ie:?:-.:.: .I :i.;rr:l:, h e  su:;pected 
t h a t  it is very  impor t an t  t o  Ei.nc c!l:. '-.I-..:. : . i . ~ h L  ;:,lation be- 
tween GNP and t h e  energy  clema~zi l .  S e c ~ i ~ r i . : y r ,  bo z?;resnecl t h a t  
it seemed t o  him t h a t  energy  has  t o  b:? ~lscc ;  ~ ~ ! ~ i - c  e :EFcct ive ly ,  
and t h e  one and o n l y  w a y  i.n which Tie .t!~c;::;!..k ?:!I:~.'L > h i s  c o u l d  
b e  done was t o  change t h e  p i ~ i l o s o p h y  of I~\.J pzi.cci! e:-!ergy 
supp ly  t o  an  o p t i m a l  p r i c e  strratcg:~,.  . :liFc"I Tt> :23 i l ;<  . t T ~ t ~ t  ."he prj .ce 
h a s  t o  b e  used t o  c o n t r o l  . the e:r,c?!-c;y ?I?i-,'~:;d', l~;.:. J a n i n  ag reed  
and mentioned a  s t u d y  o f  t.he Prcncll r~,:,:,:~r.j!mey :;'ni~.i:p:in . a e y  
changed t h e  c o e f f i c i e n t s  of ma?:y, ::ec to:: i.n ci?rdi?r ?:o ob1:aS.n 
a more e f f i c i e n t  u s e  o f  el.ect~rl.czi-.y, ':':?er .:::?.ir-; $.eLega te 
argued t h a t  one h a s  t o  f i n d  strz.t&g.ie!?: I-.G c!lr..nqg;e tI:e s t r u c t u r e  
o f  t h e  economy . M r .  Janir? agr-cii 2::~; ;:-c:?,?..-'!:PC t:ha t n?any y e a r s  
ago  France  had a  ve ry  hicjh e n e r g y  p c i . ~ ?  i.ni' ;7,7!:2:37e were guided  
by h igh  e f f i c i e n c i e s  a-t ? h a t  .ki~n_rc?c.. 
M r .  Krymm (IAEA) asl;ed t i ~ I ~ ~ b  Ici:.!~', ::.>'? ~;,i.t~:::lii 0101lld 
u s e  i n  a  supp ly  model t o  gc.4 i ~ 3 f l - 3  e:!.ec-i::.:.:s;.L,:~ f'??tlil=.n:? cllnnged 
. . ?  from an  exogenous t o  a n  endoqenouz ~ ' ~ . : : - I . ~ : : J . I . ~ J .  .::~c. J a ~ ? i n  
answered t h a t  t h e  energy  c o s t  f o r  tile L?.i:a1 i~!-~i:u!ner is .the 
b e s t  c r i t e r i o n  b u t  t hey  do n o t  T~iltiv 2s :,~.i: y i l h < . i :  the cost Punc- 
t i o n  is. 
A Comparison of Mathematical Models for Long-Term Planning of 
- 
the Economic Operating and Extension of a System of Power Stations 
G. Modemann and P. Winske 
Introduction 
The aim is the sufficient, reliable and cheap supply of 
electrical energy taking care of the environment. That means 
a technical and economic task concerning the whole expected 
life time of the next plants that are going to be installed 
and whose external conditions are changing. These large invest- 
ments need aids for decision making. 
For this purpose methods of Operations Research have been 
developed in the 1950s and 1960s which require large and fast 
digital computers. The task comprises the following structure: 
Step 1. analysis of the system electricity company or public 
electricity supply; 
Step 2. mathematical description and finding of data; 
Step 3. model construction, i.e. a logical-mathematical 
construction; 
Step 4. simulation of the behaviour by means of OR algorithms; 
Step 5. interpretation of the results. 
The most important problems are: 
1. quantification of the objective function, that is the fore- 
cast and finding of weights for partial aims in terms of 
costs; 
2. quantification of restrictions, that is forecast and finding 
of technical and economic limits; and 
3. finding suitable methods of optimisation. To dodge into 
parameter studies does nct mean that one does not have to 
make decisions. 
D e s c r i p t i o n  o f  t h e  t h r e e  models and o p t i m i s a t i o n  
methods used 
Comparison o f  t h e  t h r e e  p r i n c i p a l  d i f f e r e n t  models a s  
f a r  a s  methods and r e s u l t s  go: 
I n  t h e  f i r s t  two models (LP L i n e a r  Programming and 
NLP Nonl inear  Programming) t h e  v a r i a b l e s  a r e  con- 
t i n u o u s ,  i n  t h e  t h i r d  (DP Dynamic Programming) t hey  
a r e  d i s c r e t e .  A model w i t h  mixed i n t e g e r - c o n t i n u o u s  
v a r i a b l e s  has  been s t a r t e d  b u t  t h i s  w i l l  no t  be d i s -  
cus sed  today .  
What t h e  t h r e e  models have i n  common: 
A l l  t h r e e  a r e  z e r o  dimensioned o r  p o i n t  models which 
means one t a k e s  f o r  g r a n t e d  t h e  i d e a l  o p e r a t i n g  of 
t h e  power p l a n t  sys tem wi thout  e l emen t s  o f  energy  
t r a n s f e r .  
I n  [4] t h o  h i g h - t e n s i o n  mains o f  t h e  German E e d e r a l  
coun t ry  North-Rhine-Westfal ia  were i n c l u d e d  i n  o r d e r  
t o  g e t  an o p t i m i s a t i o n  o f  t h e  p l a n t  l o c a t i o n  w i t h i n  
t h e  frame o f  t h e  i n s t a l l a t i o n  problem. T h i s  was on ly  
p o s s i b l e  i n  a  model w i t h  d i s c r e t e  v a r i a b l e s .  
A n a l y s i s  and f o r e c a s t  o f  q u a n t i t y  and c h a r a c t e r i s t i c  
of  . t h e  e l e c t r i c  energy  demand. I n  t h e s e  programs 
t h e y  a r e  c a l c u l a t e d  i n  s e p a r a t e  sub-programs. 
Q u a n t i t y .  Fo r  t h e  models LP and NLP t h e  demand o f  t h e  
FRG i s  f o r e c a s t e d  i n  a  g l o b a l  way, b a s i c a l l y  dependent  
on consumption per person C ~ i ~ . l  and 21. For the 
model DP the demand was determined according to 
forecasts by sectors e.g. industry, household, 
commercial, etc. This, however, was ?.ot influenced 
by the method DP. 
2.0.1.2 Characteristic. The common ordered annual load 
diagram can hardly be used, for cxample, because 
the peak load in summer is identified with the lower 
medium load in winter. This is wrong for installa- 
tion problems because even in the future the planned 
shct down periods should lie in the months of low 
load. Because of this the daily generating diagrams 
were used, namely workday, Saturday, Sunday, for a 
typical month of each season of the year; that means 
12 diagrams for a basic year. Thc change of shape 
of the daily diagrams was forecasted for the planning 
horizon. After certain substeps, which are different 
for the three models, a demand of power was found 
[ ~ i ~ .  3 and 51 divided in load sections, i.e. ordered 
annual generating diagrams. 
2.0.2 Technical and economic paraneters for the calculation 
of energy production costs which influence the result 
fundamentally and which are identical for the three 
models as far as possible for the comparison in 
Chapter 3. The following parameters are all dependent 
on t ?me. 
2 .0 .2 .1  Techn ica l  pa rame te r s :  For LP and NLP, average va lue  
of e l e c t r i c  n e t  power of  u n i t s  o f  each  type ;  e f f i -  
c i ency ;  c a l o r i f i c  va lue ;  burn-up of  n u c l e a r  power 
p l a n t s .  
2 .0 .2 .2  Economic pa rame te r s :  d i r e c t  and i n d i r e c t  c o s t s  
o f  i n s t a l l a t i o n ,  l i f e  t ime of  p l a n t ,  r a t e  o f  i n t e r e s t ,  
o p e r a t i n g  and maintenance c o s t s ,  f u e l  c o s t s ;  t h e  
c a l c u l a t i o n  o f  t h e  n u c l e a r  f u e l  c y c l e  c o s t s  i s  done 
i n  a  s e p a r a t e  computer program. 
2 . 0 . 2 . 3  Energy-production c o s t s  i n  f i x e d  and va r i ab2e  p o r t i o n s .  
The f i x e d  c o s t s  a r e  only  dependent  on t h e  t y p e ' s  
i n s t a l l a t  i on  c a p a c i t y .  The c o s t s  of  inves tment  
f o r  t h o s e  power p l a n t s  which were e x i s t e n t  b e f o r e  
t h e  p l ann ing  ho r i zon  were not  t aken  i n t o  account  
because  they  do not  i n f l u e n c e  t h e  r e s u l t  of  opt imi-  
s a t i o n .  
The v a r i a b l e  c o s t s  only  depend on t h e  q u a n t i t y  o f  
energy  which i s  produced by t h e  e x i s t e n t  and newly 
i n s t a l l e d  power p l a n t s .  
Both f i x e d  and v a r i a b l e  c o s t s  a r e  d i scoun ted  a t  t h e  
beg inn ing  o f  t h e  p l ann ing  ho r i zon  i n  o r d e r  t o  be a b l e  
t o  compare c o s t s  a t  a l l ,  i n  t h e  f o l l o w i n g  marked 
With a l l  models o p t i m i s a t i o n  means min imisa t ion  of 
t h e  t o t a l  energy-product ion  c o s t s .  
2 . 0 . 3  R e s t r i c t i o n s  c a n  be  d i v i d e d  i n  two g r o u p s :  
1. R e s t r i c t i o n s  which n e c e s s a r i l y  r e s u l t  f r o m  t h e  
g e n e r a l  c h a r a c t e r  o f  t h e  p l a n n i n g  t a s k  o r  f rom 
t h e  s t r u c t u r e  o f  t h e  model .  
2. R e s t r i c t i o n s  which c a n  be  u s e d  i n  o r d e r  t o  t a k e  
a c c o u n t  o f  s p e c i a l  c o n d i t i o n s  i n  c a s e  o f  c e r t a i n  
p l a n n i n g  p r o b l e m s ,  among o t h e r s :  a )  maximum 
o r  minimum e n e r g y  o f  a  t y p e ,  e . g .  c o a l ;  b )  minimum 
o r  maximum c a p a c i t y  o f  a t y p e ,  e . g .  n u c l e a r  power 
p l a n t s  o f  t h e  s e c o n d  g e n e r a t i o n ;  c )  n u c l e a r  f u e l  
b a l a n c e s ,  e . g .  p l u t o n i u m .  
R e s e r v e  c a p a c i t y :  When g i v i n g  l o n g t e r m  f o r e c a s t s  of  
e n e r g y  demand i t  d o e s  n o t  seem s e n s i b l e  t o  c o n s i d e r  
s h o r t  t e r m  d i f f e r e n c e s .  F o r  t h e  c a l c u l a t i o n  o f  t h e  
n e c e s s a r y  r e s e r v e  power t h e  random f a i l u r e  i s  e s t i m a t e d  
f o r  t h e  t i m e  o f  t h e  a n n u a l  p e a k  l o a d .  I n  a s p e c i a l  
p rogram a r e s e r v e  c a p a c i t y  o f  11-121 o f  t h e  a n n u a l  
maximum power was c a l c u l a t e d  [5]. 
A s  r u n - o f f - t h e - r i v e r  power p l a n t s  h a v e  t o  be  t r e a t e d  
s p e c i a l l y  t h e y  a r e  n o t  m e n t i o n e d  i n  t h i s  p a p e r  a l -  
t h o u g h  t h e y  a r e  i n c l u d e d  i n  t h e  m o d e l s .  
2 . 1  L i n e a r  Programming (LP)  [l] 
I n  t h i s  model  o p t i m a l  d e c i s i o n s  were  c a l c u l a t e d  f o r  
e v e r y  y e a r  o f  t h e  p l a n n i n g  h o r i z o n .  It i s  t h e  con- 
d i t i o n  o f  LP t o  g r a n t  o n l y  l i n e a r  f o r m s  o f  t h e  v a r i a b l e s .  
2.1.3.2 Restrictions in power and energy of single types 
of power plants. 
(a) disassembly AAi of power plants Pi(t)>Pi(t-1)-AAi(t) - 
breeder reactors for example. 
(c) minimum consumption of fuel-type, for example 
hard coal 
2.1.4 Example. 
To conclude, pig. h shall illustrate the kind of 
results which are essentially determined by the in- 
put data. It shows the optimal distribution of the 
net electri~ity production and the maximum net capac- 
ity in West Germany until the year 2000. 
Non-linear programming (NLP) [2] 
As opposed to the model talked about in .1,  in this 
model it was not the aim to find out a sequence of 
optimal partTal decisions but to mlnimise the overall 
costs K* which are summed up in the whole planning 
horizon. In order to minimise the objective function 
a method of general convex optimisatio~ is used. 
Because o f  t h i s ,  t h e  power a r e a s  i n  t h e  a n n u a l  
d i a g r a m  a r e  p o r t i o n e d  i n  r e c t a n g u l a r  s e c t i o n s .  
2 . 1 . 1  Annual  g e n e r a t i n g  d i a g r a m .  
On t h e  b a s i s  o f  t h e  d a i l y  d i a g r a m s  ( 2 . 0 . 1 . 2 )  
u t i l i s a t i o n  f a c t o r s  n  a r e  f o u n d  o u t  f o r  e a c h  l o a d  j 
s e c t i o n ,  whose power p o r t i o n s  o f  t h e  maximum n e t  
c a p a c i t y  a r e  c a l c u l a t e d  by d i v i d i n g  q u a n t i t y  o f  
e n e r g y  E by n j .  See e q u a t i o n :  j 
A s  shown i n  t h e  a n n u a l  g e n e r a t i n g  d i a g r a m  i n  F i g u r e  3 
t h e  u t i l i s a t i o n  t i m e  i n  t h e  s e c o n d  l o a d  s h a p e  i s  
augmented by a d d i n g  t h e  pumping e n e r g y  b e c a u s e  t h e  
b a s e  l o a d  r a n g e  i s  f i l l e d  up by d e f i n i t i o n  t o  i t s  
t e c h n i c a l  l i m i t .  A f t e r  t h e  l o s s  i s  s u b t r a c t e d ,  t h e  
pumping e n e r g y  g e n e r a t i o n  o f  t h e r m a l  power p l a n t s  
i s  a l l o c a t e d  i n  t h e  p e a k  l o a d  ( t h e  h a t c h e d  a r e a s  i n  
F i g .  3 )  . 
2 . 1 . 2  O b j e c t i v e  f u n c t i o n .  
V a r i a b l e  e . . . ( t )  Q u a n t i t y  o f  e n e r g y  o f  t y p e  i i n  t h e  
1 , J 
l o a d  s e c t i o n  j i n  t h e  y e a r  t ( ~ W h / a l  
C o e f f i c i e n t :  k f ix :  . ( t )  + kvar ;  . ( t ) :  s p e c i f i c  
, J , J 
g e n e r a t i n g  c o s t s  o f  t h e  t y p e  i i n  t h e  
l o a d  r a n g e  j i n  t h e  y e a r  t \ D M / M W ~ ~  
< t < te  p l a n n i n g  h o r i z o n ;  N J  = number o f  l o a d  ta  - - 
r anges  
NW (number of  t h e r m i c  p l a n t  t y p e s )  + NP (number of  
pumping s t o r a g e  t y p e s  = 1) 
= N I  (number of  a l l  power p l a n t  t y p e s ) .  
Now t h e  o b j e c t i v e  f u n c t i o n :  
N I  N J  
1 F r  F f i x ;  . ( t ) + k ~ a r * ~  . ( t )  z ( Z )  = E m i n  K * ( , ~ )  = t min , J , J 
t a  et t a  1 1  
t o  minimise t h e  power p r o d u c t i o n  c o s t s  K* ( z t )  i n  [ D M / ~ ]  . 
There  a r e  a l s o  models whose t o t a l  c o s t s  a r e  minimized 
i n  t h e  o b j e c t i v e  f u n c t i o n  w i t h i n  t h e  p l a n n i n g  ho r i zon ,  e .g .[6] .  
2 . 1 . 3  R e s t r i c t i o n s .  
2 .1 .3 .1  Energy b a l a n c e s  f o r  e v e r y  y e a r  t w i t h o u t  t h e  second 
and l a s t  l o a d  s e c t i o n  (NJ - 2 ) :  
2nd l o a d  s e c t i o n :  
l a s t  l o a d  s e c t i o n  N J :  
That  i s  b e c a u s e  t h e  o b j e c t i v e  f u n c t i o n  as w e l l  a s  
t h e  r e s t r i c t i o n s  depend p a r t i a l l y  on t h e  v a r i a b l e s  
o f  a  n o n - l i n e a r  k i n d .  Of a l l  t h e  known methods f o r  
s o l v i n g  convex o p t i m i s a t i o n  p rob lems  t h e  CRST method 
o f  [7] seems t o  be  t h e  most e f f i c i e n t  o n e .  I t s  main 
t h o u g h t  i s  t r a n s f e r r i n g  t h e  r e s t r i c t e d  m i n i m i s a t i o n  
p rob lem t o  a.n u n r e s t r i c t e d  o n e .  The method SUMT 
o f  FIACCO-MCCOR:rlIC [8] was u s e d  w i t h  a  l i t t l e  a d a p t a -  
t i o n .  
2 . 2 . 1  Annual  g e n e r a t i n g  d i a g r a m .  
The n e c e s s a r y  c o n v e x i t y  c a n  o n l y  be  g i v e n  i f  you 
h a v e  a  monotonously  f a l l i n g  l o a d  s h a p e  i n  t h i s  d i a -  
gram [Fig.  51. It c o n s i s t s  o f  s e v e r a l  t r a p e z o i d -  
s h a p e d  l o a d  s e c t i o n s  whose c o n t e n t s  o f  e n e r g y  have  
b e e n  found o u t  a s  i n  2 . 1 . 1 .  With t h i s ,  however ,  
t h e  maximum and  minimum power and u t i l i s a t i o n  t i m e  
o f  t h e  b a s i c  d a i l y  d i a g r a m s  l i m i t  t h e  s e c t i o n s '  b a s e  
l o a d  and  peak  l o a d .  The two medium l o a d  s e c t i o n s  
h a v e  t o  c o n t a i n  t h e  q u a n t i t y  o f  e n e r g y  t h a t  was 
found  o u t .  What was s a i d  i n  2 . 1 . 1  a p p l i e s  a n a l o g o u s l y  
t o  t h e  h a t c h e d  a r e a s  o f  pumping e n e r g y .  
2 . 2 . 2  O b j e c t i v e  f u n c t i o n .  
V a r i a b l e  Xi Power o f  t y p e  i i n  t h e  l o a d  s e c t i o n  
, j  , P  
a t  t h e  end  o f  p e r i o d  p  I M W I  
C o e f f i c i e n t :  k f i x *  : s p e c i f i c  f i x e d  c o s t s  o f  t h e  
- , P  
t y p e  i i n s t a l l e d  i n  p e r i o d  p  caused  i n  t h e  r ema in ing  
t ime  h o r i z o n  IDM/MwI 
kva r  * s p e c i f i c  v a r i a b l e  c o s t s  o f  t h e  t y p e  i 
i , j  , P '  
I n  t h e  l o a d  s e c t i o n  j ,  caused  i n  p e r i o d  p ,  IDM/MWhl. 
I t  i s  s e n s i b l e  a s  f a r  a s  economy g o e s ,  and f o r  t h e  
c o n v e x i t y  3 f  t h e  o b j e c t i v e  f u n c t i o n  n e c e s s a r y ,  t o  
i n s e r t  t h e  p l a n t  t y p e s  i n  t h e  diagram i n  t h e  sequence  
o f  i n c r e a s i n g  s p e c i f i c  v a r i a b l e  c o s t s  [ r i g .  51. 
Now t h e  o b j e c t i v e  f u n c t i o n :  
NP N I  N J 
M$n K* (;) = Min lg l i  lk f ix :  ( A ~  + 1 ( x .  - x 
,P ,P l , j y ?  i y j , p - 1  1)  X 1 1  
hZ 
+ i j  kvar f  x .  T .  
L , ~ , P  l Y j , p  1,j ,P  3 i 
TL . - TL N I J  
w i t h  T .  = T 
P ~ j + l , p +  
J P 
P " (1' ' ~ , j , ?  
L  j , ~  1 
I n  t h e s e  form1:lae t h e r e  a r e  p u r e  a.nd mixed q u a d r a t i c  
forms  o f  v a r i a b l e s .  The comple t e  p r o d u c t i o n  c o s t s  K* 
which come up i n  t h e  p l a n n i n g  h o r i z o n  c o n s i s t  o f  two 
p a r t s :  The f i r s t  depends on t h e  new i n s t a l l e d  c a p a c i t y ;  
t h e  second  on t h e  produced q u a n t i t y  o f  ene rgy  i n  t h e  
g e n e r a t i n g  diagram. To l i m i t  t h e  maximum number o f  
v a r i a b l e s  N = N I  N J  * .  NP, t h e  p l a n n i n g  h o r i z o n  was 
d i v i d e d  i n t o  ~ e r i 0 d s  p ( h e r e  - 30 j e a r s  i n t o  s i x  
p e r i o d s ) .  Wi th in  each  p e r i o d  one c o n s i d e r s  a con- 
tinuous progress between the status of the beginning 
snd the end of the period. 
2.2.3 Restrictions. 
First of all as opposed to 2.1.3 one has to satisfy 
power balances 
N I 
ci x > P for j = l***NJ and p = l-**NP , 
P - L j , ~  
With the ordered insertion of plant types the energy 
balances had been satisfied. The pumping storage 
type is treated analogously as in 2.1 and the 
restrictions are similar to those in 2.1.3. 
2.2.4 To conclude, Fig. 6 shall illustrate again the optimal 
distribution of the net electricity production and 
the maximum net capacity in West Germany until the 
year 2000. 
2.3 Dynamic Programming (DP) [3,4] 
In this model, for a medium term, a sequence of 
decisions to install new blocks will lead to a mini- 
mum of electricity production costs. Its planning 
horizon (for example 10 years) which is short com- 
pared to the other models seems to be sensible 
because of the micro structure. This method is based 
on BELLMANfs optimisation principle [9]  . 
2 . 3 . 1  Exp lana t ion  o f  method: 
The d i v i s i b i l i t y  of  t h e  system i n  s t e p s  i s  e s s e n t i a l  
f o r  DP because  t h e  c a l c u l a t i o n  e f f o r t  i s  growing 
e x p o n e n t i a l l y  w i t h  t h e  number o f  v a r i a b l e s  b u t  on ly  
l i n e a r l y  w i t h  t h e  number o f  s t e p s .  Such a  s t e p  w i t h  
one d e c i s i o n  v a r i a b l e  and one s t a t e  v a r i a b l e  i s  
shown: I ~n 
= t n ( X n - l , D n )  f o r  n  = l 0 * * N  
Obj. f u n c t i o n :  f (X ) = min(rn(Xn-l,Dn) + fn-l(Xn-l)) n  n  
Dn 
F i g .  7 i l l u s t r a t e s  t h i s  method: S t a r t i n g  from a n  
i n i t i a l  s t a t e  p o i n t  Xo on ly  t h e  o p t i m a l  p a t h  back t o  Xo 
w i l l  be s e l e c t e d  f o r  eve ry  a l l o w a b l e  s t a t e  p o i n t  i n  
e v e r y  s t e p .  A f t e r  one has  r eached  t h e  last s t e p  N ,  
from eve ry  f i n a l  s t a t e  p o i n t  t h e  sequence  o f  d e c i s i o n s  
which i s  o v e r a l l  op t ima l  can be named. 
2.3.2 O b j e c t i v e  f u n c t i o n .  
Dec i s ion  v a r i a b l e  x i n :  b lock  power o f  t h e  t y p e  i i n  
t h e  p e r i o d  n  I M W (  
s t a t e  v a r i a b l e  Pn: power i n  p e r i o d  n  I M W I  
g r i d :  o r d i n a t e  s t a t e  v a r i a b l e  P  
n  ' 
a b s c i s s a  p e r i o d  n  
c o e f f i c i e n t :  k f i ~ * ~  ( x i )  s p e c i f i c  f i x e d  
c o s t s  i n  t h e  p e r i o d  n  f o r  an  
e x t e n s i o n  d e c i s i o n  x i  (DMIMW) 
Zn(Pn)  = min ( K * ( P ~ - ~  J i n )  + Zn-l(Pn-l))  
x i  
n  
w i t h  K*(Pn- l ,x in)  = i n j ( ~ t ~ , ~ - P ~ ~ * k f i x *  ( P n j ) )  t A t n * x i * k f i x ~ ( x i )  
1 n  .i , , 
The d i s c o u n t e d  c o s t s  K* o f  e v e r y  p e r i o d  n  c o n s i s t  o f  
t h r e e  t e r m s :  
a )  t h e  f i x e d  c o s t s  c a u s e d  i n  p e r i o d  n  f rom t h e  b l o c k s  
f which  h a d  b e e n  newly i n s t a l l e d  s i n c e  t h e  s t a r t  
n  j 
o f  t h e  p l a n n i n g  h o r i z o n ;  
b )  t h e  f i x e d  c o s t s  c a u s e d  i n  p e r i o d  n  f rom t h e  
d e c i s i o n  t o  i n s t a l l  t h e  new b l o c k  x i n ;  
C )  minimum v a r i a b l e  c o s t s  o f  t h e  o p e r a t i n g  p l a n t s  
w i t h  t h e  t o t a l  power  Pnml + x i n  i n  t h e  d a i l y  
d i a g r a m s  o f  t h e  p c r i o d  n .  
2 . 3 . 3  R e s t r i c t i o n s .  
The b a l a n c e s  o f  e n e r g y  a n d  c a p a c i t y  w h i c h  were  named 
i n  2 . 1 . 3 . 1  a n d  2 . 2 . 3  h a v e  t o  b e  s a t i s f i e d .  S p e c i a l  
r e s t r i c t i o n s  a r e  as a n a l o g o u s  as p o s s i b l e  t o  2 . 1 . 3 . 2  
a n d  2 . 2 . 3 .  
2 . 3 . 4  R e s u l t s  a n d  example .  
The i n s e r t  o p t i m i s a t i o n  h a s  t o  b e  done  f o r  e v e r y  
p a t h  i n  e v e r y  s t e p  a n d  s h o u l d  o n l y  l a s t  a s h o r t  
e x e c u t i o n  t ime .  For t h i s  i n  [3] a mod! 'ied bran-h  
and bound method o f  DP h a s  been develooed .  I n  a  
h i c e n t r i c .  Cree two b l o c k s  Y e ~ ? e c t i v ~ i y  form a  new f i c t i t o u s  
b lock  on t h e  nex t  l e v e l  c o n s i d e r i n g  t h e i r  a l l o w a b l e  
o p e r a t i n g  s t a t e s ;  t h e  new f i c t i t i o u s  b lock  a l l o t s  
t h e  power o p t i m a l l y  t o  t h e  r e a l  b locks  under  a l l  
p ~ s s i b l e  d i s c r e t e  l o a d s .  For  t h e  i n s e r t  o p t i m i s a t i o n  
t i o n  of  t h e  t he rma l  p l a n t s  t h e  d a i l y  diagrams a r e  
p lanned  a c c o r d i n g  t o  f i g u r e  8 :  t h e  expec t ed  p o r t i o n  
can  he de termined  i n  a  more d e t a i l e d  wag w i t h  t h e  
t iydrothermal  I n s e r t  o p t i m i s a t i o n  o r  t h e  b a s i s  o f  t h e  
r e s u l t s  of  t h e  t he rma l  i n s e r t  n o t i m i s a t i o n .  
To conclude ,  F i g .  9 demons t r a t e s  tho o p t i m a l  d i s t r i -  
b u t i o n  o f  t h e  n e t  e l e c t r i c i t y  p r o d u c t i o n  and %he maxi- 
mum n e t  c a p a c i t y  f o r  t h e  l e d e r a l  coun t ry  North-Rhine 
Westphai ia  fri,m 1.372 t a  1 4 8 i .  
Comparison o f  t h e  t h r e e  models 
.Resul ts  
Tc g e t  comparable r e s u l t s  f o r  t h e  t h r e e  models i t  i s  
ve ry  impor t an t  t h a t :  
. t h e  d a t a  i n p u t  z r e  as e q u i v a l e n t  as p o s s i b l e  
2 .  t h e  i n t e n d e d  l i m i t a t i o n s  of  t h e  r ange  o f  p o s s i b l e  
s o l u t i o n s  a r e  r e a l i z e d  a s  e q u i v a l e n t  as p o s s i b l e  
by means of t h e  r e s t r i c t i o n s  of  t h e  models .  
The d i s c u s s i o n  of  t h e  r e s u l t s  i s  l i m i t e d  t o  t h e  
d i f f e r e n c e s  which were caused  by t h e  models .  
3 . 1 . 1  Case LP - NLP [lo] 
The r e s u l t s  of  t h i s  c a s e  of  comparison a r e  e x p l a i n e d  
w i t h  t h e  h e l p  o f  f i g u r e  1 0  and 11 showing t h e  op t ima l  
shape of  power i n  West Germany u n t i l  t h e  y e a r  2000. 
A g r e a t  d i f f e r e n c e  i s  n o t i c e d  i n  t h e  shape  of t ime 
of  t h e  o i l  and n u c l e a r  power. With LP t h e  LWR i s  
s t r o n g l y  i n s t a l l e d  and from 1985 i t s  power remains  
c o n s t a n t  whereas t h e  o i l  power i s  d e c r e a s i n g  s t e a d i l y .  
With NLP t h e  power shape shows t h e  same tendency  bu t  
i t s  l e v e l  of  power i s  ha lved .  The o i l  power i s  
i n c r e a s i n g l y  i n s t a l l e d  from 1975 t o  1985 and from 
t h e n  on t o  t h e  y e a r  2000 i t s  p o r t i o n  i s  d e c r e a s i n g  
s t r o n g l y  bu t  s t a y s  c o n s i d e r a b l y  above t h e  r e f e r e n c e  
l e v e l .  The c o n t r a r y  e x t e n s i o n  w i t h  NLP h a s  t h e  
f o l l o w i n g  r e a s o n s :  
1. I n t e g r a l  o p t i m i s a t i o n  w i t h  which r e s t r u c t u r i n g  
of i n s e r t  o f  power p l a n t s  which o c c u r s  l a t e r  
i s  t aken  i n t o  c o n s i d e r a t i o n  from t h e  beg inn ing .  
a )  The e l e c t r i c i t y  p roduc t ion  c o s t s  of  t h e  o i l  
power w i l l  be lower  from 1995 on t h a n  t h o s e  
of t h e  LWR w i t h  a  u t i l i s a t i o n  f a c t o r  n  = 0.85 .  
b )  From t h e  newly i n s t a l l e d  n u c l e a r  c a p a c i t i e s  
of t h e  second g e n e r a t i o n  i n  l a t e r  y e a r s  t h e  
LWR i s  g o i n g  t o  be s h i f t e d  t o  t h e  medium load  
s e c t i o n .  
2 .  Improved s i m u l a t i o n  o f  t h e  i n s e r t  o f  p l a n t s  
w i t h  h e l p  o f  t h e  t r a p e z o i d  g e n e r a t i n g  d iagrams.  
With t h e  s h i f t  o f  p l a n t s  from one s e c t i o n  t o  
a n o t h e r  one g e t s  a  con t inuous  a l t e r a t i o n  o f  t h e  
u t i l i s a t i o n  t ime ,  i . e .  t h e  c o s t s ,  whereas w i t h  
t h e  LP t h e r e  i s  on ly  a  s a l i e n t  a l t e r a t i o n  of  t h e  
u t i l i s a t i o n  t ime ,  which i s  why t h e  o i l  power w i l l  
have a  lower p o r t i o n  i n  1980 and why t h e  LWR has  
a  l a r g e r  s h a r e  w i t h  LP. I n  LP t h e  known r e c t -  
a n g u l a r  shape  o f  g e n e r a t i n g  diagrams i s  used 
and t h e  r e s u l t  i s  a  c o n s i d e r a t i o n  o f  pumping 
s t o r a g e  which i s  no t  t o t a l l y  r e p r e s e n t a t i v e ,  be- 
cause  a l l  p l a n t s  of  t h e  second l o a d  s e c t i o n  
t a k e  p a r t  i n  t h e  g e n e r a t i n g  o f  pumping energy  
b u t  t h e i r  s h a r e  i s  no t  a  r e s u l t  o f  v a r i a b l e  c o s t s  
a s  w i t h  t h e  NLP. Because t h e  mixed c o s t s  o f  t h e  
pumping energy a r e  h i g h e r  i n  LP, fewer  pumping 
s t o r a g e  p l a n t s  a r e  i n s t a l l e d .  T h i s  tendency  
can  be seen  i n  t h e  f i g u r e s  bu t  i t  shou ld  be 
no ted  t h a t  t h e  l a c k i n g  peak l o a d  i s  produced by 
t h e  GT. 
On t h e  o t h e r  hand,  i n  NLP t h e  pumping s t o r a g e  
power comes o f f  t o o  w e l l  because  i n  t h i s  c a s e  
i t  i s  pre t ended  t h a t  t h e  c h e a p e s t  power p l a n t s  
o f  t h e  2nd load  range  supply  t h e  l a r g e s t  q u a n t i t y  
of  pumping energy .  However, a  f r e e  c a p a c i t y  
o f  t h e s e  p l a n t s  i s  t a k e n  f o r  g r a n t e d  which i n  
r e a l i t y  should  no t  e x i s t .  The r e s u l t  o f  a l l  
t h i s  i s  i n  NLP, t h e  pumping s t o r a g e  p l a n t s  have 
t o o  low v a r i a b l e  c o s t s  and come o f f  t o o  w e l l  
i n  t h e  compe t i t i on  w i t h  GT. Probably ,  t h e  r e a l  
i n c r e a s e  of  c a p a c i t y  o f  PS w i l l  be lower t h a n  i n  
NLP bu t  s t i l l  h i g h e r  t h a n  w i t h  LP. 
3 .1 .2  Case NLP - D P  L l l ]  
-
Cons ide r ing  t h e  f e d e r a l  coun t ry  North-Rhine W e s t f a l i a  
of  West Germany and a  p l a n n i n g  h o r i z o n  of  t e n  y e a r s ,  i n  
f i g u r e s  1 2  and 13 t h e  shape  of t ime v s .  power and 
energy o f  t h e  s i n g l e  p l a n t  t y p e s  i s  shown. I n  t h e  
DP r e s u l t s  t h e  s i n g l e  power p l a n t s  a r e  drawn t o -  
g e t h e r  i n t o  t y p e s .  The r e s u l t s  o f  bo th  models cu in -  
c i d e  remarkably ,  only t h e  p o r t i o n s  va ry .  I n  b o t h  
models t h e  i n c r e a s e  o f  power i s  s u p p l i e d  by LWR but  
t h e  DP s h a r e  i s  l a r g e r .  That  r e s u l t s  from 
1. s t ep -wi se  o p t i m i s a t i o n  which can t a k e  i n t e g r a l  
e f f e c t s  i n t :  account  on ly  under  c e r t a i n  con- 
d i t i o n s  ; 
2 .  t h e  more d e t a i l e d  c o n s i d e r a t i o n  of  l o a d  shape  
. b y  means of  c h a r a c t e r i s t i c  d a i l y  d iagrams;  
3 .  blockwise  c o n s i d e r a t i o n  which makes i t  p o s s i b l e  
t h a t  t h e  v a r i a b l e  c o s t s  of  each  b lock  can be 
c o n s i d e r e d  a s  a  f u n c t i o n  of t h e  i n s e r t e d  power. 
T h e r e f o r e  i n  t h e  NLP t h e  i n t e g r a l  e f f e c t  o f  t h e  
o p t i m i s a t i o n  i s  e x c l u s i v e l y  a  r e s u l t  o f  s h i f t i n g  
s i n g l e  p l a n t  t y p e s  i n  h i g h e r  l o a d  r anges  d u r i n g  t h e  
p l a n n i n g  h o r i z o n .  The c o s t  d a t a  s t a y  c o n s t a n t  i n  
t h e  p l ann ing  ho r i zon  and t h e  normal i sed  g e n e r a t i n g  
diagrams show h a r d l y  any change a t  a l l .  Towards 
t h e  end  o f  t h e  p l a n n i n g  h o r i z o n  t h e  s h i f t e d  p l a n t  
t y p e s  produce more energy  wi th  NLP t h a n  w i t h  D as 
shown i n  f i g .  13 .  So, i n  NLP f o r  t h e  LWR on ly  a 
s m a l l e r  p o r t i o n  of  energy i s  remain ing .  T h i s  a g a i n  
l e a d s  t o  an  i n c r e a s e  of  i t s  power. Towards t h e  
end o f  t h e  p l a n n i n g  h o r i z o n  t h e  GT shows a s t r o n g  
i n c r e a s e  o f  c a p a c i t y  i n  NLP and t h e  r ea sons  a r e  
p robab ly  t h e  i n a c c u r a c i e s  i n  t h e  c o n s i d e r a t i o n  o f  
peak l o a d  and t h e  f a u l t s  caused from b r e a k i n g  up 
t h e  c a l c u l a t i o n .  
Data and computa t ion  e f f o r t  
1. E f f o r t  f o r  f i n d i n g  and p r o c e s s i n g  o f  d a t a .  
I t  is roughly  t h e  same i n  b o t h  con t inuous  models 
and t h e  amount o f  d a t a  i s  s t i l l  e a s y  t o  s u r v e y .  
For  t h e  d i s c r e t e  model t h e  amount of  d a t a  and t h e  
e f f o r t  i n c r e a s e  r a p i d l y  because  o f  t h e  neces sa ry  
mic ro  s t r u c t u r e .  
2 .  Computat i o n  e f f o r t .  
The c a l c u l a t i o n s  f o r  a l l  models were execu ted  
on t h e  CDC 6400 o f  t h e  Rechenzentrum d e r  RWTH 
Aachen, which  h a s  a  maximum c o r e  c a p a c i t y  o f  
96K. The c o r e  s t o r a g e  a n d  e x e c u t i o n  t i m e  f o r  
t h e  examples  g i v e n  i n  c h a p t e r  2 c a n  b e  s e e n  i n  
t a b l e  1. 
C r i t e r i a  f o r  t h e  d i s t i n c t i o n  o f  t h e  t h r e e  mode l s  
T a b l e  2 summar i ses  t h e  c h a r a c t e r i s t i c s  o f  i m p o r t a n t  
p o i n t s  o f  v i e w .  
T h e s e  c r i t e r i a  may b e  h e l p f u l  f o r  a  u s e r  i n  o r d e r  
t o  f i n d  t h e  a p p r o p r i a t e  method f o r  h i s  p r o b l e m .  
Commercia l  q u e s t i o n s  o r  m a t t e r s  o f  p u b l i c  p l a n n i n g  
c a n  p l a y  a  d e c i s i v e  r o l e .  The i n d u s t r i a l i s t  i s  
m a i n l y  i n t e r e s t e d  i n  medium t e r m  m i c r o  s t r u c t u r e d  
r e s u l t s  which  c o n c e r n  h i s  c o n t r o l  and  d e c i s i o n  
p e r i o d s .  The p u b l i c  p l a n n i n g  on t h e  o t h e r  hand  n e e d s  
m a i n l y  macro  s t r u c t u r e d  r e s u l t s  which  i n t e g r a l l y  
t a k e  i n t o  a c c o u n t  t h e  i n t e r d e p e n d e n c e  i n  t h e  whole  
p l a n n i n g  h o r i z o n .  
I f  t h e  mode l s  a r e  j u d g e d  a c c o r d i n g  t o  t h e  e s s e n t i a l  
i n t e r e s t s  o f  t h e  two g r o u p s  o f  u s e r s  one c a n  s e e  
t h e  f o l l o w i n g  c l e a r l y .  
The DP model seems t o  b e  s u i t a b l e  m a i n l y  f o r  com- 
m e r c i a l  p u r p o s e s .  F o r  p u b l i c  p l a n n i n g  t h e  NLP model  
seems t o  b e  t h e  b e t t e r  o n e .  The LP model seems t o  
b e  m a i n l y  one  f o r  l o n g  t e r m  p l a n n i n g  employed by 
commerce. T h i s  i s  o u r  r ecommenda t ion .  Note ,  how- 
e v e r ,  f o r  u s e r s '  s p e c i a l  problems a n  a l t e r e d  recom- 
mendat ion  might  be more s u i t a b l e  [5.3] . 
A new frame o f  o u r  s t u d i e s  i s  o u r  working i n  common 
w i t h  o t h e r  groups  i n  a  p r o j e c t  o f  t h e  M i n i s t r y  o f  
Research  and Technology o f  t h e  FRG w i t h  t h e  t i t l e  
" F o r e c a s t i n g  t h e  e l e c t r i c  demand as a f u n c t i o n  o f  
economic and s o c i a l  development and i t s  supp ly  w i t h  
t h e  h e l p  o f  n u c l e a r  power". 
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A b b r e v i a t i o n  
General 
A = Energy 
a = Pumping Energy 
P 
k = Energy generation costs 
S 
P = Power 
= Utilisation Time of the Load Range j 
V = Electric Energy per Capita and Year 
'i, j = Power of One Plant Type in the Load Range j. 
In each load range the plant types are arranged with 
decreasing variable costs. 
Plant Types 
BK = Lignite 
EG = Gas 
GT = Gas Turbine 
HTR = High Temperature Reactor 
LW = Run-of-the-River Station 
LWR = Light Water Reactor 
Ul = Oil 
PS = Pumping Storage Station 
SBR = Fast Breeder Reactor 
SK = Hard Coal 
Fig.l: Forecast for Per-Capita-Electric-Energy Consumption 
-- 
Legend: a) Federal Power Commission 
b) Scher, G.B., AIEE Wintez Meeting 1962 
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F i g . 2 :  P o s s i b l e  Growth  of E l e c t r i c  Energy  and Power  Demand 

Fig. 4 : Example 1 : L i n e a r  Progranun:~ng 
Fxg. 6 :  Example 2 : N o n l i n e a r  P r o q r a m n i n g  
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Fig.11: Comparison 1 :  With NLP calculated distribution 
of Power 
Fie . 1 ? : Comparison 2 : Dist . t - i l - .c t ion  of :'cwcr 
--
T,lTY.> ---- 
.\ .,d !5 l7 
Fig.13: Comparison 2: Distribution of Energy 
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T a b l e  2 C h a r a c t e r i s t i c s s  
criterion LP NLP DP 
planning area unlimited unlimited 
planning horizon > 15a 
number of 
power plants 
-5' . 15a 
plant installation continuous, 
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D i s c u s s i o n  
The p a r t i c i p a n t  who opened t h e  d i s c u s s i o n  a s ked  
how t h e y  c o n s i d e r  t h e  s h u t  down p e r i o d s  o f  t h e  d i f f e r e n t  
p l a n t s .  M r .  Modemann r e p l i e d  t h a t  t h i s  i s  done  by a  r e s e r v e  
c a p a c i t y  which i n  t h i s  s t u d y  comes up a s  11 t o  1 2 % ;  d e t a i l s  
o f  t h e  c a l c u l a t i o n  a r e  g i v e n  i n  Ref .  [5] of h i s  p a p e r .  
Another  d e l e g a t e  t h e n  a s k e d  i f  s o c i a l  and e n v i r o n m e n t a l  
c o s t s  had been  c o n s i d e r e d  i n  t h e  model .  M r .  Modemann r e p l i e d  
t h a t  t h e y  had n o t ,  b u t  n o t e d  t h a t  t h e y  w i l l  do t h i s  i n  a  new 
s t u d y  which h a s  t o  b e  done  f o r  t h e  Y i n i s t r y  o f  Res ea r ch .  Then 
t h i s  d e l e g a t e  c l a imed  t h a t  t h e  r e s u l t s  w i l l  change  t r emendous ly  
b e c a u s e ,  f o r  example,  t h e  s t o r a g e  c o s t  o f  p lu ton ium f o r  more 
t h a n  1 , 0 0 0  y e a r s  i s  i n f i n i t e l y  h i g h .  One way t o  manage t h i s  
p rob lem i s  t o  r e d u c e  t h e  en e r gy  demand. 
M r .  J a n i n  ( F r a n c e )  t h e n  made two comments: F i r s t ,  h e  
remarked t h a t  t h e y  a r e  s t u d y i n g  many o f  t h e s e  k i n d s  o f  models .  
They found  t h a t  t h e  c r u c i a l  p o i n t  w i t h  t h e s e  models  u s i n g  
l i n e a r  programming i s  t o  g e t  t h e  e n e r g y  s t o r a g e  problem prop-  
e r l y  programmed i n .  Now t h e y  u s e  c o n t r o l  t h e o r y  which seems 
t o  b e  much more e f f i c i e n t .  F i n a l l y ,  h e  a s ked  w h e t h e r  t h e s e  
models  a r e  u sed  t o  g e t  a  v e r y  p r e c i s e  f o r e c a s t i n g  o f  t h e  p l a n t  
c a p a c i t y  which h a s  t o  b e  i n s t a l l e d  i n  t h e  n e a r  f u t u r e ,  o r  
t o  f i n d  o u t  t h e  e x t e n s i o n  o f  n u c l e a r  power s t a t i o n s  i n  t h e  
f u t u r e .  M r .  Modemann r e p l i e d  t h a t  t h e s e  f i r s t  s t u d i e s  h a v e  
been  done  t o  f o r e c a s t  t h e  n u c l e a r  power p l a n t  i n s t a l l a t i o n s .  
B u t ,  a s  h e  n o t e d ,  t h e  n o n l i n e a r  programming model is used f o r  
t h e  l o n g  r u n  and t h e  dynamic programming model f o r  t h e  s h o r t  
and medium r u n .  
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from l e s s  ~;opula!:eC! rcir;loa; 0.: i*:liei-~ ::i::-~~ arc tji-ansported through 
reg ions  wi- th  t h e  l e a s t  d;-.\vc:!.<j~i -.:I I.rlIl ;-.<:c: '---~l;ji:r,ce. . .. Such problems 
e x i s t  i n  t h e  USS:P: as  we l l  as  ir, oL-.il'-!j iridus'ir~.;i.lizcd c o u n t r i e s  
deve1opir.q n a t i ~ r s  1. .res;nurces i r ,  mi.. ::eql.oL?s. For - t h i s  reason,  
t h e  USSR i s  c a r r y  i nq 0 1 ,  t jk~. Len.;;. ~ r r  . T ~ : ~ c L ~ c ! I  arid devel.opment con- 
nected v ~ i t h  i n f r a s - t r ~ l c t u r c  :. ~.liip,2j::.t on lonq ranye energy t r a n s -  
p o r t a t i o n .  Up t o  no\a o~l:!y , s o m e  problem:; we-re eva lua ted  i n  t h e s e  
i n v e s t i g a t i o n s ,  and. -th!?.rc:?ore - t h ~  rice tk~oci nf concre te  des igning 
was used. As a resu!.-2, '-t i r ;  i : c t  pi?sr,ii:.l:? l;o j:elai:e t h e  com- 
p l e t e  s  Ludi-es of ;::~i$: pro:': e m  lLc.:.i!~(; :y:<::i-:~ii: a n a l y s i s  ; a t  pre-  
s e n t ,  only  inf orrna-?ion c9nce::ni -:g c:orlere i:e i inves ' i iqations of 
t h i s  p-.roblem i s  a.vai1ab.l.e. 
Because -the c ~ n d i t i o n s  of in.lI~a:;i:~.!:;..L1~1:;11. irnpact on long 
range enerqy -t~ransportat:i.or? ?re k!y?:i.ca!. (ici3t oni.y f o r  t h e  USSR 
b ~ i t  a l s o  f o r  o. ther ccim';~:ies i ,~hich ai:,i expl.o!r.i!lg o r  t r y i n g  t o  
exp lo re  energy resour-es  i n  cev a::(:as), i: hope t h a t  t h i s  t o p i c  
. . 
will.  he of i n t e r e s t  Lo a l l  I>a!ri;J~c.rj?ai? ts. 
In  t h e  USSR, t h e  problem o_' !.oilg Yrinqe e n e ~ g y  t r anspor ta -  
t i o n  i n  t h e  Eon: of clecti:; .city, a s  :.;;?:.:i. r:r; E o s s i l  f u e l s ,  i s  
e s p e c i a l l y  impor.ta!~t. The bull: of ir;c?.~~~-it~ry and about 7 5 %  of  
t h e  popula-t icn a r e  ~ O ~ ; C . ~ I ~ . L ~ S : : C  : Y E  .;:ilc ?<i.~ropear? ? a r t  of t h e  
USSR, inc lud ing  -the Ura:i Fr;illlc .. .,L,. ----' .L ,  -7 1 ared \*1)14~h i s  loca ted  a t  
a d i s t a n c e  of 2 ,030 t o  4 ,  r:f00 Icm Z::?rn the i-,i.scjest d e p o s i t s  of 
cheap f u e l s  ancl ahundal1.t f~ydro.-s:eso:ii:c~:; in Si.!~:eria. D r a s t i c  
measures t o  speed up t h e  ?col.io;i:ic tic-:ve:!.opn;ent o.E S i b e r i a  wi th  
t h e  c o n s t r u c t i o n  of big cJie.yy consum<.ng i.i:duf;-ilries have helped 
t o  i n c r e a s e  energy cons1!in]~2-:.on i.n t h e  E?si: !~obleve~.-, a shor tage  
of energy resources  i n  .Li-:c IS~!ropean p:~r-!; of i:he USSR remains,  
and t h e  d e f i c i t  grows rapid?.y. There-?o;:e we f a c e  i:he complex 
and chall-znging problem of . t . rar~s.?er~-i . i~y huge quanti.ti .es of f u e l  
and e l e c t r i c  energy from Eas t  to '~fT--,c-~- .,.I.: .. .. 111 t h e  E i r s t  p l a c e ,  
t h i s  j .nvolved.north-western S.i.!x:ri.;!n. oi.1. a116 gas  which can be 
e x t r a c t e d  economicillly on a ve:c!2 I.arc;e s c a l e .  The t r a n s p o r t  
of o i l  is not  a s  b i g  a problem, :;i.j:ce the  o i l  f i e l d s  a r e  con- 
c e n t r a t e d  i.11 ra - the r  sma'.?. c.rez..s 71rni~ 'wl?;.ch we al-ready have two 
~ i l p i p e s ,  100 and 1-20 @r81 Ll? d-i.amete?r, ?':le second pipe  has a 
c a p a c i t y  of over  100 rnj.?.iion t o n s  pez y e a r .  ?he t r a n s p o r t a -  
t i o n  c o s t s  of t h e s e  !2ig pipes  ncu!;ia:L.ly do no-l: add t o o  much t o  
t h e  p r i c e  of o i l ,  even a t  iri.:;tai;ce:-; c.E -2-p t o  3-4,000 krn. But 
t h i s  r e g i o n  was i n i t i a l l y  an unpopula ted  swamp and f o r e s t ,  
w i t h  a lmos t  no e x i s t i n g  i n f r a s t r u c t u r e .  For  t h e  t r a n s p o r t a -  
t i o n  o f  a l l  equipment needed by peop le  a s  w e l l  a s  o i l  pro-  
d u c t i o n ,  t h e  b i g  r i v e r  Ob was u sed ;  b u t  due t o  t h e  c l i m a t e  
n a v i g a t i o n  on t h i s  r i v e r  i s  o n l y  p o s s i b l e  i n  t h e  summer ( a  
v e r y  s h o r t  s e a s o n ) .  
The d i f f i c u l t i e s  grew w i t h  expans ion  of o i l  p r o d u c t i o n ,  
add ing  s t i l l  a n o t h e r  problem. The amount o f  g a s e s  r e l e a s e d  
by o i l  a l s o  grew w i t h  o i l  p r o d u c t i o n .  I n  t h e  beg inn ing  t h e s e  
were burned on t h e  p roduc t ion  s i t e ,  b u t  t h i s  burn ing  o f  such  
l a r g e  q u a n t i t i e s  was l a t e r  proven t o  be an  uneconomical method, 
and t h u s  t h e  d e c i s i o n  was made t o  b u i l d  t h e  c o s t l y ,  though 
n e c e s s a r y ,  r a i l r o a d  t o  t r a n s p o r t  l i q u i d  g a s  and a l l  o t h e r  goods.  
L a s t  y e a r ,  when t h e  o i l  p r o d u c t i o n  i n  t h i s  a r e a  reached  app rox i -  
m a t e l y  100 m i l l i o n  t o n s ,  t h e  f i r s t  l i n e  o f  t h i s  r a i l r o a d  was 
completed between Tobolsk and a  new town, S u r g u t .  I n  t h e  n e a r  
f u t u r e ,  t h i s  l i n e  w i l l  c o n t i n u e  t o  Nizhnewartowsk, on t h e  bank 
o f  t h e  Ob r i v e r .  (The p r e s e n t  p o p u l a t i o n  o f  each  o f  t h e s e  towns 
i s  around 50,000 p e o p l e . )  S e v e r a l  p l a n t s  f o r  g a s  p r o c e s s i n g  
a r e  now under  c o n s t r u c t i o n ,  each  p l a n t  producing  a  d i f f e r e n t  
p r o d u c t .  Dry g a s  and methane w i l l  be t r a n s p o r t e d  t o  a  l a r g e  
t h e r m a l  power s t a t i o n  i n  S u r g u t .  The c a p a c i t y  o f  t h i s  p l a n t  
i s  o v e r  1 ,000  MW t oday  and it w i l l  be doubled  i n  t h e  coming y e a r .  
Propane and butane  i n  i i q u i d  s t a t e  w i l l  be t r a n s p o r t e d  under  
e l e v a t e d  p r e s s u r e  by r a i l r o a d  t o  p e t r o c h e m i c a l  p l a n t s .  Be-  
c a u s e  80% o f  t h i s  a r e a  i s  swampland, t r a n s p o r t a t i o n  o f  equ ip -  
n e n t  from t h e  banks o f  t h e  r i v e r  i s  p o s s i b l e  o n l y  i n  t h e  sec-  
grid h a l f  o f  t h e  w i n t e r  when t h e  swamps a r e  f r o z e n .  
Today w e  have a  permanent r o u t e  by r a i l  t o  t h e  b i g g e s t  
o i l  f i e l d s  and town, S u r g u t .  I n  a d d i t i o n ,  we have an  i n c r e a s -  
i n g  though expens ive  (due t o  t h e  c o n s t r u c t i o n  o v e r  swamps) 
network of  paved r o a d s  f o r  a u t o  t r a n s p o r t .  The e n t i r e  r e g i o n  
i s  a l s o  cove red  by an  e l e c t r i c a l  g r i d  connected  w i t h  t h e  Ura l  
energy  sys tem by a  500 kV l i n e .  T h i s  was i n i t i a l l y  c o n s t r u c t e d  
t o  supp ly  t h e  o i l  f i e l d  a r e a s ,  b u t  now t h e  s u r p l u s  o f  e l e c t r i -  
c i t y  from S u r g u t ' s  power s t a t i o n  goes  back t o  t h e  e l e c t r i c a l  
sys tem of  t h e  U r a l .  Today, however, t h e r e  i s  some development  
o f  i n f r a s t r u c t u r e  i n  t h i s  r e g i o n .  
O the r  c o n d i t i o n s  a r e  s t i i l  i n  e x i s t e n c e  i n  g a s  f i e l d s  l o c a t e d  
app rox ima te ly  600 t o  1 ,000  km t o  t h e  n o r t h .  Proven r e s o u r c e s  
o f  d r y  g a s  i n ' t h i s  r e g i o n  n e a r  t h e  P o l a r  s e a  a r e  l a r g e ,  b u t  
t h e r e  e x i s t s  a l m o s t  no i n f r a s t r u c t u r e .  T r a n s p o r t a t i o n  o f  a l l  
equipment  and goods i s  p o s s i b l e  o n l y  i n  a  v e r y  compl i ca t ed  
manner : 
I. by s h i p s  v i a  t h e  P o l a r  s e a ,  which can be pas sed  o n l y  
i n  t h e  l a t t e r  p a r t  o f  t h e  summer; 
2. by small rivers up stream--only in the following 
spring, at high water; and 
3. only in the second half of the winter through frozen 
swamps, which added together makes almost two years 
total transport time. 
During any other time of the year, transportation is only pos- 
sible by using helicopters, a very costly method. Under these 
present conditions, new constructions are limi-ted to the min- 
imum needed for gas production and transport. Only a small 
number of completed towns, generally located near the sea shore, 
grow rapidly. There exists a large pipeline from one of these 
towns to the gas network, and others are under construction. 
Explorations of other gasfields are carried out mainly on an 
expedition basis--only workers and a small number of assistants 
for service are living in limited new houses and trailers spe- 
cially designed for the extremely cold climate. One team works 
in a very small village in the far North for two weeks at a 
time; then they are transported to their families who prefer 
living in larger towns. While a second team moves into the 
remote village, the first continues working in the large town. 
With the rapid increase of gas production it will be necessary 
to improve the transport system to accelerate the progress of 
construction of pipelines, compressor stations, etc. Big ques- 
tions have arisen in connection with the transport of natural 
gas itself, which is about six to seven times more expensive 
than oil. 
Development work is now in progress in the USSR to make 
gas transport more efficient. We are already using 140 cm dia- 
meter pipes with maximal pressure at about 75 atm and such a 
pipe can carry (30-35) 109 standard m3/year. Even with this 
annual figure, the price of gas must be very significantly 
increased for distances of 3,000 to 4,000 km. Proven resources 
of naturaj gas in north-western Siberia are very large, about 
1 4 . 1 0 ~ ~  m , and the future annual output could be as high as 
(500-600)10~ m3; this output would require 15-20 new pipelines, 
but natural conditions (swamp, permanent frost, and almost no 
infrastructure at the present time), at least in the first 600 
to 1,000 km of the route, make construction very difficult. 
Investigations on developing new methods of natural gas trans- 
port are now in progress, and should be considered as future 
possibilities. These might include the use of bigger pipes 
or the liquefaction or methane near the gasfields, followed 
by the transportation of this liquid gas in pipes under pres- 
sure at temperatures as low as -110 to - 1 2 0 ~ ~ .  In the Case of 
liquid gas transportation, the number of pipelines will be 
reduced by several times. However, introducing such a method 
needs extensive research and development and huge capital in- 
vestments in production of new equipment. The cost of such 
research and development is difficult to calculate in advance, 
and a limited number of such super-pipelines produce some dif- 
ficulties in using linear mathematical models for optimization 
of  a l l  new t r a n s p o r t  systems 
Another  example of  t h e  problems of  c o n n e c t i o n s  between 
long  r ange  ene rgy  t r a n s p o r t a t i o n  and i n f r a s t r u c t u r e  conce rns  
t h e  e x p l o r a t i o n s  o f  t h e  Kansk-Achinsk a r e a  i n  c e n t r a l  S i b e r i a ,  
where huge d e p o s i t s  o f  e x c e p t i o n a l l y  cheap brown c o a l  have been 
found.  I t  would be p o s s i b l e  i n  t h e  f u t u r e  t o  i n c r e a s e  t h e  
mining  of  c o a l  t h e r e  t o  one b i l l i o n  t o n s  a n n u a l l y  under  f a -  
v o r a b l e  c o n d i t i o n s :  open-cut  mines w i t h  d e p o s i t s  r e a c h i n g  
d e p t h s  o f  30 t o  60 and even  100 m e t e r s .  The c a p a c i t y  of  each  
mine cou ld  y i e l d  40 t o  60 m i l l i o n  t o n s  p e r  y e a r ,  and t h e  r a t i o  
o f  removed e a r t h  t o  c o a l  i s  2-3 m3/ton. Under t h e s e  c o n d i t i o n s  
t h e  p r i c e  o f  c o a l  a t  t h e  s i t e  w i l l  be v e r y  low, 1 t o  2  r o u b l e s  
p e r  t o n  o f  raw c o a l  o r ,  a t  low c a l o r i f i c  v a l u e  i n  t h e  r ange  of  
3040 t o  3820 kca l /kg ,  abou t  2 . 5  t o  3.5 r o u b l e s / t o n  of  r e f e r e n c e  
f u e l  (HCE). With such  low p r i c e s  o f  c o a l  a t  t h i s  s i t e  and p a r -  
t i c u l a r l y  cheap  hydroenergy r e s o u r c e s  i n  t h e  same a r e a ,  C e n t r a l  
S i b e r i a  i s  a  zone w e l l  s u i t e d  f o r  t h e  development  o f  l a r g e  i n -  
d u s t r i e s  w i t h  h i g h  r a t e s  o f  power consumption ( f o r  t h e  produc-  
t i o n  o f  A l ,  Mg, T i ,  e t c . ) .  
Apa r t  from l o c a l  consumption o f  t h i s  c o a l ,  it i s  n e c e s s a r y  
t o  t r a n s p o r t  energy  t o  t h e  European p a r t  o f  t h e  USSR. B a s i c a l l y ,  
t h e r e  a r e  two s o l u t i o n s  t o  t h i s  problem, bo th  of  which a r e  p r e -  
s e n t l y  be ing  s t u d i e d .  The f i r s t  i s  t o  i n c r e a s e  t h e  c a l o r i f i c  
v a l u e  o f  c o a l  (by  c o n v e r t i n g  it t o  semi-coke and mixing  f i n e  
p a r t i c l e s  o f  t h i s  p r o d u c t  w i t h  t a r )  up t o  6500 kca l /kg  and t o  
t r a n s p o r t  t h i s  f u e l  by r a i l w a y s  o r  p i p e l i n e s .  The second i s  
t o  g e n e r a t e  e l e c t r i c i t y  a t  t h e  mine and t h e n  t r a n s m i t  it t o  t h e  
West. Both i d e a s  need  e x t e n s i v e  r e s e a r c h  and development  be- 
f o r e  be ing  p u t  i n t o  p r a c t i c e  on a  l a r g e  s c a l e  b a s i s .  
A new method of  semi-coke p r o d u c t i o n  h a s  been e s t a b l i s h e d  
today  i n  a  p i l o t  p l a n t  o n l y .  An e x p e r i m e n t a l  i n d u s t r i a l  i n -  
s t a l l a t i o n  w i t h  a n  a n n u a l  c a p a c i t y  o f  one  m i l l i o n  t o n s  o f  raw 
c o a l  i s  under  c o n s t r u c t i o n .  Wi th in  t h i s  p r o j e c t  a r e  s e v e r a l  
b i g  i n s t a l l a t i o n s  w i t h  30 t o  50 m i l l i o n  t o n s / y e a r  c a p a c i t y .  
I t  i s  n e c e s s a r y  t o  deve lop  HVDC* l i n e s  f o r  1500 t o  2200 kV f o r  
t h e  t r a n s p o r t a t i o n  o f  e l e c t r i c a l  ene rgy ,  s i n c e  t h e  750 kV AC 
l i n e s  used  today  would be  an  uneconomical  s o l u t i o n .  I n t e n s e  
r e s e a r c h  and development i n  t h i s  f i e l d  g i v e s  u s  r ea son  t o  be- 
l i e v e  t h a t  t h e  f i r s t  power l i n e  o f  t h e  new t y p e  may be i n  opera-  
t i o n  i n  t h e  e a r l y  1980 ' s .  I n  t h e  problem o f  u t i l i z a t i o n  o f  
t h i s  ~ a n s k - ~ c h i n s k  brown c o a l ,  we have  q u i t e  a  d i f f e r e n t  s e t  
o f  c o n n n e c t i o n s  w i t h  i n f r a s t r u c t u r e  from t h o s e  f o r  t h e  o i l  and 
g a s  o f  no r th -wes t e rn  S i b e r i a .  D e p o s i t s  of  t h i s  c o a l  a r e  l o c a t e d  
n e a r  t h e  g r e a t  t r a n s - S i b e r i a n  r a i l r o a d  and o n l y  s h o r t  supplemen- 
t a r y  r o a d s  must b e  added. 
*HVDC: h i g h  v o l t a g e  d i r e c t  c u r r e n t .  
Of c o u r s e ,  t h e  o r g a n i z a t i o n  o f  such  e n t e r p r i s e s  a t  a  pro-  
d u c t i o n  i e v e l  of  s e v e r a l  hundred m i l l i o n  t o n s  o f  c o a l  a n n u a l l y  
( i n c l u d i n g  t h e  ext remely  h igh  p r o d u c t i v i t y  o f  each  w o r k e r ) ,  a s  
w e l l  a s  t h e  c o n s t r u c t i o n  of  14 t o  16  e l e c t r i c  power s t a t i o n s ,  
each  w i t h  a  c a p a c i t y  o f  over  6,000 MW, means c r e a t i n g  an e x t e n -  
s i v e  new i u d u s - t r i a l  r e g i o n .  The t r a n s p o r t a t i o n  l i n e  i t s e l f  w i l l  
n o t  produce t o o  g r e a t  an impact  on t h e  r a t h e r  developed i n f r a -  
s t r u c t u r e  o f  t h e  long r o u t e .  The l i n e  i s  s p e c i a l l y  connected  
w i t h  t h e  ENVDC;k l i n e s  which w i l l  o n l y  c a r r y  e l e c t r i c i t y  from 
t h e  i n i t i a l  t o  t h e  f i n a l  p o i n t ,  a lmost  w i thou t  connec t ion  w i t h  
t h e  e l e c - t r i c a l  g r i d  of  t h e  coun t ry  be ing  c r o s s e d  by t h e s e  l i n e s .  
The problem o f  raw c o a l  o r  semi-coke t r a n s p o r t  i s  q u i t e  
d i . f f e r en - t .  I f  it i s  - to  b e  t r a n s p o r t e d  by r a i i r o a d ,  t h e n  it i s  
n e c e s s a r y  t c  t a k e  i n t o  account  t h a t  such  a  way i s  a  u n i v e r s a l  
t y p e  o f  t r a n s p o r t .  There a r e  d i f f i c u l t i e s  i n  d i s t r i b u t i n g  a l l  
o f  .the c a p i t a l  i nves tmen t s  and expenses  between t h e  main bu lk  
of c o a l  f o r  t r a n s p o r t a t i o n ,  f o r  which t h i s  r a i l r o a d  i s  des igned ,  
and t h e  o t h e r  u s e r s ,  because  t h e  l a t t e r  g a i n  a d d i t i o n a l  b e n e f i t  
from new r a i l r o a d s .  
If t h e  means of t r a n s p o r t  i s  t o  be a  p i p e l i n e  f o r  a  c o a l -  
- ra te r  s l u r r y  m i x t u r e ,  o r  f o r  c o a l  t r a n s p o r t a t i o n  i n  c o n t a i n e r s ,  
t h i s  s p e c i a l i z e d  t y p e  of t r a n s p o r t  adds l i t t l e  t o  t h e  i n f r a -  
s t r u c t u r e  of  t h e  coun t ry  c r o s s e d  by such  a  p i p e l i n e .  Also ,  
i n  t h i s  c a s e  it w i l l  be  p o s s i h l e  t o  supply  t h e  u s e r s  w i t h  semi- 
coke a t  some p o i n t  a long  t h e  p i p e l i n e ,  and n o t  on ly  a t  t h e  f i n a l  
p o i n t  a s  i n  t h e  c a s e  o f  t h e  EHVDC l i n e .  
Under such  c o n d i t i o n s ,  Long r ange  t r a n s p o r t a t i o n  of  e l e c -  
t r i c i t y  and f o s s i l  f u e l s  i s ,  f o r  t h e  USSR, a  s u b s t a n t i a l  p a r t  
or' . the en t . i r e  ene rgy  complex, and must be inc luded  i n  t h e  sys -  
tem o f  models used f o r  t h e  o p t i m i z a t i o n  o f  t h e  complex f u t u r e  
development.  I n  t h e  f i r s t  s t a g e  of  i n v e s t i g a t i o n ,  o p t i m a l  r a t e s  
of  p r o d u c t i o n  o f  e l e c t r i c i t y ,  h e a t  ene rgy ,  and a l l  o t h e r  t y p e s  
of  f u e l  must be e s t a b l i s h e d ,  a s  w e l l  a s  d i s t r i b u t i o n  r a t e s  of 
p r o d u c t i o n  between t h e  b i g g e s t  c o a l ,  g a s ,  and o i l  f i e l d s ;  op- 
t i m a l  r a t e s  of  c o n s t r u c t i o n  o f  t he rma l ,  n u c l e a r ,  and hydros t a -  
t i o n s  must a l s o  be  i n v e s t i g a t e d .  The r e s u l t  of  t h i s  work i s  
t h e  o p t i m a l  development of  t h e  ene rgy  complex f o r  t h e  USSR and 
f o r  each  b i g  economic a r e a .  
For  such  work we use ,  a s  a  r u l e ,  s e v e r a l  t y p e s  o f  l i n e a r  
ma themat i ca l  models. These models i n c l u d e  expenses  f o r  pro-  
d u c t i o n ,  t r a n s p o r t ,  and u t i l i z a t i o n  of  d i f f e r e n t  energy  re- 
s o u r c e s ,  and t h e  o p t i m i z a t i o n  of  d i s t r i b u t i o n  of  each  t y p e  o f  
r e s o u r c e  between consumer groups  and economic a r e a s .  A s  a  re- 
s u l t  w e  have t h e  s o - c a l l e d  " c l o s i n g  expense"  o r  " p r i c e  o f  op- 
"EHVDC: ex t r eme ly  h i g h  v o l t a g e  d i r e c t  c u r r e n t .  
t i m a l  p l ann ing"  f o r  each  t y p e  o f  f u e l  i n  a  number o f  economic 
r e g i o n s .  
Because o f  t h e  long  range  o f  t r a n s p o r t ,  t h e s e  p r i c e s  
change v e r y  s i g n i f i c a n t l y  i n  t h e  v a r i o u s  p a r t s  o f  t h e  USSR. 
They a r e  v e r y  low i n  C e n t r a l  S i b e r i a ,  and v e r y  h i g h  a t  t h e  
w e s t e r n  b o r d e r s  o f  t h e  USSR. For  example,  t h e  p r i c e  o f  c o a l  
w i l l  be  2 .5  t o  3.5 r o u b l e s / t o n  i n  C e n t r a l  S i b e r i a n  power p l a n t s ,  
and 20 t o  2 8  r o u b l e s / t o n  a t  t h e  w e s t e r n  b o r d e r .  
Discussion 
One d e l e g a t e  asked whether i r o n  can a l s o  be  found i n  t h e  
reg ion  where t h e r e  i s  p l e n t y  of  coa l .  M r .  Styr ikov ich  s a i d  
t h a t  they have i r o n  i n  t h e  c e n t r a l  European p a r t  of  t h e  USSR. 
Therefore ,  they have a  t r a n s p o r t a t i o n  problem because a  l a r g e  
amount of  coke is  requ i red ;  up t o  now t r a n s p o r t a t i o n  has been 
by r a i l .  
Another p a r t i c i p a n t  made t h e  comment t h a t  i n  t h e  USA 
t h e r e  is  i n c r e a s i n g  concern over  t h e  burning of  c o a l ,  p a r t i c u -  
l a r l y  i n  populated a r e a s ,  because much of  it i s  high su lphur .  
Furthermore he  inqu i red  i f  they had included i n  t h i s  a n a l y s i s  
t h e  shipping of  c o a l  t o  t h e  European p a r t  of t h e  USSR, and t h e  
e f f e c t s  of  environmental  problems a s s o c i a t e d  wi th  c o a l  burning 
t h e r e .  M r .  Styr ikov ich  r e p l i e d  i n  t h e  a f f i r m a t i v e  and remarked 
t h a t  c o a l  has  very low su lphur  c o n t e n t  and t h a t  t h e  l a r g e  
power s t a t i o n s  w i l l  n o t  be s i t u a t e d  nea r  towns. Therefore ,  they 
have some proof t h a t  t h e  s t andards  w i l l  n o t  be exceeded i f  
high chimneys a r e  used--and t h e  h i g h e s t  chimney today is  320 m.  
M r .  R a i f f a  then noted t h a t  he  had been f a s c i n a t e d  by t h e  
p r e s e n t a t i o n  and t h a t  he hoped t h a t  some of  t h e  p r e s e n t a t i o n  
could  be  followed up wi th  resea rch  e f f o r t  a t  IIASA, a s  they 
a r e  concerned wi th  many o f  t h e s e  problems. F u r t h e r ,  he  re -  
marked t h a t  i n  October they plan t o  s t a r t  a  s e r i e s  of  confer-  
ences  on major i n t e g r a t e d  planning e f f o r t s .  He mentioned 
t h a t  he had spoken t o  Prof .  Gvish ian i  and P r o f .  Ananichev 
abou t  t h e  problems, and t h a t  they decided t h e  f i r s t  of t h i s  
s e r i e s  would handle a  problem i n  t h e  USA; t h e  problem 
wi th  which they hope t o  d e a l  w i l l  be in te r -u rban  planning of 
t h e  Tennessee Val ley  Author i ty ,  c a l l e d  TVA. Then he po in ted  
o u t  t h a t  they had f u r t h e r  decided t h a t  f u t u r e  conferences  
should be  devoted t o  problems o f  very complicated systems 
planning e f f o r t s  i n  t h e  development o f  t h e  S i b e r i a n  region.  
M r .  R a i f f a  then  came back t o  t h e  problems w i t h  t h e  g a s  and 
o i l  f i e l d s  t h a t  M r .  Styr ikov ich  had r a i s e d ,  and remarked 
t h a t  it would be an i d e a l  s u b j e c t  f o r  such an i n t e r n a t i o n a l  
conference ,  because many of t h e  systems problems they a r e  
f a c i n g  i n  t h e  USSR have c o u n t e r p a r t s  i n  t h e  north-west  r eg ion  
of  many o t h e r  c o u n t r i e s  a s  wel l .  M r .  Styr ikov ich  r e p l i e d  t h a t  
it would b e  very h e l p f u l  t o  s tudy  t h e  problems of t h e s e  
remote a r e a s .  Then M r .  R a i f f a  mentioned t h a t  they decided t o  
f e a t u r e  problems of  n a t i o n a l  s e t t l e m e n t  p o l i c i e s  and problems 
o f  developing t h e  i n f r a s t r u c t u r e  o f  remote a r e a s .  F i n a l l y  he 
noted t h a t  t h i s  i s  a  theme which is  running through many o f  
t h e i r  p r o j e c t s  and would, t h e r e f o r e ,  be a  good c a s e  s tudy.  
M r .  ~ a f e l e  had a  ques t ion  about  t h e  e x p l o i t a t i o n  of  t h e  
l a r g e  energy r e s o u r c e s  i n  t h e  USSR. He asked what t h e  planning 
h o r i z o n  i s  i n  o r d e r  t o  g e t  t h a t  k i n d  o f  e n e r g y  t r a n s p o r t a t i o n  
o n  a  l a r g e  s c a l e .  M r .  S t y r i k o v i c h  r e p l i e d  t h a t  t h e  p l a n n i n g  
h o r i z o n  is  17 y e a r s  which  means t h e y  w i l l  b e  p l a n n i n g  u n t i l  
t h e  y e a r  1990.  
M r .  Lopez-Polo (UNO) a s k e d  w h e t h e r  h e  had u n d e r s t o o d  
c o r r e c t l y  t h a t  t h e r e  is a  d i r e c t  c u r r e n t  l i n e  w i t h  1500 kV 
u n d e r  c o n s t r u c t i o n .  M r .  S t y r i k o v i c h  s a i d  t h e r e  is  and remarked  
t h a t  t h e  f i r s t  l i n e  o f  t h i s  p l a n n e d  s u p e r l i n e  i s  a  d i r e c t  
c u r r e n t  l i n e  w i t h  1500 kV. T h e r e  i s  n o  prob lem w i t h  
h i g h  v o l t a q e  a s  t h e r e  a r e  l i n e s  f o r  a l t e r n a t i n g  c u r r e n t  w i t h  
750 kV, and t h e s e  a r e  working o u t  v e r y  w e l l  i n  many c o u n t r i e s .  
H e  m e n t i o n e d  f u r t h e r  t h e  n e c e s s i t y  t o  g e t  a  new d i r e c t  c u r r e n t  
l i n e  w i t h  2400 kV i n  o r d e r  t o  manage t h e  l a r g e  d i s t a n c e s  i n  t h e  
f u t u r e ,  and t h i s  b r i n g s  u p  i n s u l a t i o n  p rob lems  and  e n v i r o n m e n t a l  
p rob lems  a s  w e l l ,  which a re  now b e i n g  i n v e s t i g a t e d .  F i n a l l y ,  
h e  n o t e d  t h a t  t h e r e  a r e  a l s o  some p r o j e c t s  o f  underground  
s u p e r c o n d u c t i v i t y  c a b l e s  f o r  d e n s e  p o p u l a t i o n  a r e a s  and  f o r  
r a t h e r  s h o r t  d i s t a n c e s  i n  t h e  b e g i n n i n g .  
S t r a t e g i e s  f o r  a  T r a n s i t i o n  from F o s s i l  t o  Nuclear  F u e l s  
Wolf H a f e l e  and Alan S. Manne 
The pape r  " S t r a t e g i e s  f o r  a  T r a n s i t i o n  from F o s s i l  t o  
Nuc lea r  F u e l s "  i s  n o t  reproduced  h e r e ,  b u t  i s  a v a i l a b l e  a s  
a  s e p a r a t e  document from t h e  I n t e r n a t i o n a l  I n s t i t u t e  f o r  
Appl ied  Systems A n a l y s i s .  Its p u b l i c a t i o n  l i s t i n g  is :  
RR-74-7, J u n e  1974.  
Discuss ion  
One p a r t i c i p a n t  had t h r e e  q u e s t i o n s :  (1) why on ly  t h r e e  
t y p e s  of r e a c t o r s  a r e  cons ide red  i n  t h e  model; ( 2 )  whether  
a  c o n s t r u c t i o n  c o n s t r a i n t  i s  used  f o r  n u c l e a r  power p l a n t s ;  
( 3 )  whether  t h e  p r i c e s  of d i f f e r e n t  f u e l s  a r e  t r e a t e d  a s  c o n s t a n t  
i n  t h e  model. M r .  Hafe le  o f f e r e d  t o  answer t h e  f i r s t  two 
q u e s t i o n s .  The answer t o  t h e  f i r s t  one  was t h a t  t h e r e  a r e  
many p o s s i b i l i t i e s  i n  combining r e a c t o r s  w i t h  a  n u c l e a r  f u e l  
economy. But ,  a s  he  s t r e s s e d ,  w i th  t h a t  model t h e y  wanted 
t o  s t u d y  t h e  t r a n s i t i o n  from a  f o s s i l  t o  a  n u c l e a r  f u e l  econo- 
my f o r  a  t y p i c a l  c a s e .  T h e r e f o r e l t h e y  used  t h e s e  t h r e e  t y p e s  
o f  r e a c t o r s  i n  o r d e r  t o  g i v e  one t y p i c a l  example f o r  a  n u c l e a r  
f u e l  economy supp ly ing  e l e c t r i c i t y  on t h e  one hand and the rma l  
energy  on t h e  o t h e r  hand. The angwer t o  t h e  second q u e s t i o n  
was t h a t  t hey  d i d  u s e  a  c o n s t r u c t i o n  c a p a c i t y  c o n s t r a i n t  a t  
t h e  ve ry  beginning  b u t  t h a t  t h e  c o n s t r u c t i o n  c a p a c i t y  is now 
one o f  t h e  r e s u l t s .  Then h e  r e p o r t e d  one of  t h e  r e s u l t s  t h e y  
have  o b t a i n e d  w i t h  t h e  model. He no ted  t h a t  i f  one h a s  a  
r e a c t o r  w i t h  a  h igh  b reed ing  r a t e ,  t h e n  t h e  c o n s t r u c t i o n  
c a p a c i t y  f o r  v a r i o u s  r e a c t o r  t y p e s  comes up  t o  be  smooth, w h i l e  
i n  t h e  c a s e  of  low b reed ing  r a t e  t h e  c o n s t r u c t i o n  c a p a c i t y  f o r  
t h e  LWR t u r n s  o u t  t o  be  h i g h l y  peaked. Then M r .  Manne responded 
t o  t h e  t h i r d  q u e s t i o n ;  a t  f i r s t  he  remarked t h a t  t h e r e  i s  no 
s i m p l e  answer t o  t h a t  q u e s t i o n .  H e  noted  f u r t h e r  t h a t  c o n s t a n t  
p r i c e s  i n  t h e  s e n s e  o f  1974 d o l l a r s  a r e  something l i k e  a  GNP 
d e f l a t o r  i f  c o u n t r i e s  a r e  go ing  t o  i n f l a t e  e v e r y  y e a r .  So 
he po in t ed  o u t  t h a t  t h e  concept ,  r a t h e r  t h a n  p r i c e s ,  i s  f i r s t  of 
a l l  an i n £  l a t i o n  c o r r e c t o r .  Fur thermore ,  he t a l k e d  about  
changes i n  r e l a t i v e  p r i c e s .  H e  noted  t h a t  t h e  o i l  and gas  
c o s t  o f  $10 p e r  b a r r e l  i s  exogenous. But t h e r e  i s  a  l i m i t e d  
amount a v a i l a b l e .  The re fo re ,  t h e  s c a r c i t y  v a l u e  o f  o i l  and 
g a s  t h a t  rises w i t h  t i m e  i s  t r e a t e d  endogenously.  Now t h e  
r i s e  w i th  t i m e  is n o t  n e a r l y  a s  d rama t i c  i n  t h a t  c a s e  a s  t h e  
s c a r c i t y  v a l u e  o f  plutonium. So plutonium i s  endogenously 
p r i c e d .  The s c a r c i t y  v a l u e  o f  o i l  and g a s  is a l s o  endogenous, 
b u t  it i s  o b v i o u s l y  in f luenced  by how much one assumes t o  b e  
a v a i l a b l e .  I f  one  assumes t h a t  i n f i n i t e  amounts a r e  a v a i l a b l e ,  
t h e n  it is c l e a r  t h a t  t h e  p r i c e  would b e  $10 p e r  b a r r e l  f o r  
p e r p e t u i t y ,  b u t  i f  a  f i n i t e  amount i s  a v a i l a b l e ,  t h e n  it has  
a  somewhat r i s i n g  p r i c e .  
M r .  S t y r i k o v i c h  (USSR) came back t o  t h e  q u e s t i o n  o f  t h e r -  
mal ene rgy  supply  and remarked t h a t  i n  a  chemica l  i n d u s t r y  i n  
t h e  FRG t h e r e  is one LWR i n  c o n s t r u c t i , o n  which is proposed f o r  
t h e  supp ly  of  e l e c t r i c i t y  and p r o c e s s  h e a t .  M r .  Hafe le  r e p l i e d  
t h a t  t h e  LWR indeed can  a l s o  b e  used  f o r  supp ly ing  the rma l  
energy  a t  low t e m p e r a t u r e ,  which i s  p a r t i c u l a r l y  used  f o r  h e a t -  
i n g  pu rposes ;  b u t  t he rma l  energy  t r a n s p o r t  can  o n l y  be  done 
p r o p e r l y  f o r  s h o r t  d i s t a n c e s .  f u r t h e r ,  h e  noted t h a t  t h e  i d e a  
o f  t h i s  model is  t o  u s e  n u c l e a r  p r o c e s s  h e a t  a s  endothermic  
chemica l  r e a c t i o n  h e a t .  So one  h a s  t o  t r a n s p o r t  energy  i n  
a  chemica l  form and t h i s  can  be  done e s s e n t i a l l y  i ndependen t ly  
o f  t h e  d i s t a n c e .  I n  t h i s  c a s e  t h e  energy  t r a n s p o r t a t i o n  
problem becomes an  o r d i n a r y  t r a n s p o r t a t i o n  problem. 
Another  d e l e g a t e  remarked t h a t  t h e r e  is a  v e r y  g r e a t  i n -  
c e n t i v e  f o r  t h e  model s o c i e t y  t o  deve lop  t h e  HTGR t y p e  o f  
p r o c e s s  which cou ld  l e a d  t o  s y n t h e t i c  f u e l s .  Then he asked 
whether  t h e  l a r g e  amount o f  c o a l  i n  t h e  USA makes it r a t i o n a l  
t h a t  t h e  TJS government budget  does  n o t  i n c l u d e  any money f o r  
t h a t  s o r +  o f  p rocess .  
M r .  Hafe le  r e p l i e d  t h a t  it is  impor t an t  t o  make a  d i s -  
t i n c t i o n  between t h e  supply  of  c o a l  on t h e  one  hand and t h e  
supp ly  o f  o i l  and g a s  on t h e  o t h e r  hand. H e  noted  t h a t  o n l y  
t h e  supp ly  o f  o i l  and g a s  is cons ide red  i n  t h e  model. F u r t h e r ,  
r e g a r d i n g  t h e  r e s e r v e s  o f  c o a l ,  o i l  and g a s ,  h e  remarked t h a t  
one  can  s a y  t h a t  hydrogen technology h a s  t o  be  used much soone r  
i n  Europe t h a n  i n  t h e  USA, and t h a t  t h e  model is  r e p r e s e n t i n g  
a  s i t u a t i o n  s i m i l a r  t o  t h a t  o f  Europe. Then M r .  Manne added 
t h a t ,  i n  a d d i t i o n  t o  t h e  obvious  d i sc repancy  between t h e  USA 
and t h e  European s i t u a t i o n  on c o a l ,  it shou ld  b e  recognized  
t h a t  a  l o t  o f  d i f f e r e n c e  i n  t h e  v iewpoint  r e l a t e d  t o  t h e  d i f -  
f e r e n c e  i n  t h e  p l ann ing  ho r i zons .  He remarked t h a t  i f  one  o n l y  
h a s  h i s  e y e s  f i x e d  on t h e  n e x t  10 o r  1 5  y e a r s ,  a s  i n  t h e  " o p e r a t i o n  
independence" p r o j e c t ,  t h e n  one does  n o t  look beyond. T h e r e f o r e ,  
i n  t h i s  c a s e  t h e  b e s t  t h i n g ,  o f  c o u r s e ,  is  t o  pump o u t  a l l  t h e  
o i l  and g a s  a s  f a s t  a s  one  can .  But  t h i s  is  perhaps  v e r y  s h o r t -  
s i g h t e d ,  and t h e  whole " o p e r a t i o n  independence" p r o j e c t  is 
probab ly  a  v e r y  s h o r t - s i g h t e d  way o f  e n a b l i n g  one  coun t ry  t o  
g e t  o u t  o f  i t s  energy problems q u i c k l y .  Fur thermore ,  he  noted  
t h a t  i f  one looks  a t  a  somewhat w ide r  r ange  h o r i z o n ,  t h e n  
one  migh t  come t o  a  s l i g h t l y  d i f f e r e n t  conc lus ion  t h a n  t h e  
emphasis  on c o a l  even i n  t h e  USA. Then he  s t r e s s e d  t h a t ,  i n  
o t h e r  words,  t h e  model i s  c o n s i d e r i n q  t h e  n u c l e a r  o p t i o n s  
v e r s u s  t h e  f o s s i l  o p t i o n s  and t h a t  one  is c o n s i d e r i n g  t h e  
h a z a r d s  of  a  very  d i r t y  technology such  a s  c o a l  and sha l e - - sha l e  
is  probab ly  d i r t i e r  t han  coal - -versus  one t h a t  h a s  r a d i o -  
a c t i v e  r e l e a s e  problems.  T h i s  means t h a t  t h e  model h a s  t o  
f i n d  t h e  b e s t  s o l u t i o n  between somethinq l i k e  b i l l i o n s  o f  t o n s  
o f  p a r t i c l e s  o r  hundreds of t o n s  of plutonium. Thus,  he f i n a l l y  
remarked t h a t  t h e  problem i s  a  c h o i c e  between lesser e v i l s .  
WORLD ENERGY SUPPJ,Y ANALYSTS 
R .  J .  D e a m  
I n  Septen~ber 1972 ar! Energy Research u n i t *  was s e t  up a t  
Queen 'Mary Co l l ege ,  U n i v e r s i t y  of London, t o  c o n s t r u c t  a  World 
Energy Model. A model i n c c r p o r a t i n g  t h e  petroleum and n a t u r a l  
gas  s e c t o r  h a s  been fo r~nu la t cd  i n  l i n c a r  programming f o n l ~ ,  compr is ing  
some 4000 rows and 16000 colunms. T h i s  h a s  bcen exper i~ l tcn ted  wi th  
i n  many ways t o  study, amongst o t h e r  f a c t o r s ,  t h e  e f f e c t  of  a  p o s s i b l e  
p o l i c y  change,  no t  on ly  on t h e  Sovereign S t a t e  making i t  but  t h e  r e s t  
o f  t h e  world. T h i s  pape r ,  a s  a  demon strati or^, i l l u s t r a t e s  one such 
p o l i c y  change - t h e  e f f e c t s  world-wide i f  we assume up t o  30% of  
t h e  n a t u r a l  ga s  demand i n  t h e  USA wasreplaced  by n a p h t h a ,  No 2 
fu rnace  f u e l  o i l  o r  Low Sul.phur f u e l  o i l .  We a r e  no t  concerned how 
t h i s  may be brought  a b o u t ,  e.g. by p r i c i n g  l e g i s l a t i o n ,  b u t  on ly  
w i th  t h e  e f f e c t s .  
(2) THE MODEL 
(a) B a s i c  concepts  and o b j e c t i v e s  
The Unit s e t  i t s e l f  up wi th  t h e  fo l lowing  exp lana t ion  and 
c h a r t e r  : 
"It h a s  been we l l  e s t a b l i s h e d  t h a t  an o i l  company system can 
be reduced t o  l i n e a r  progran~n~ing form which, when so lved  t o  o p t i m i s e  
some economic c f i - t e r ion  p e r t i n e n t  t o  t h e  c i r c u n ~ s t a n c e s ,  l e a d s  t o  
p r a c t i c a l  meaningful r e s u l t s .  The system i s  one of  economics, t h e  
l o g i s t i c s  be ing  bounded by s e t s  of  c o n s t r a i n t s  no t  on ly  p h y s i c a l  
but a l s o  s o c i a l  and p o l i t i c a l  i n  n a t u r e .  The World energy system 
i s  s i m i l a r  t o  t h e  company system, except  t h a t  t h e  former i s  more 
h e a v i l y  bounded by p o l i t i c a l  and s o c j n l  c o n s t r a i n t s ;  t h e  r e p e a t e d  
a t t e m p t s  of n a t i o n a l  governn~ents  t o  formula te  energy p o l i c i e s  a r e  
a t  t h e  same t ime con f i rma t ion  of  t h e  heavy p o l i t i c a l  and s o c i a l  over -  
t o n e s  and of t h e  need for- some improved framework f o r  dcc is ioc-making  
i f  r e a l  c r i s i s  i s  t o  be ave r t ed .  
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P L Watson 
It i s  our  b e l i e f  t h a t  World energy i s  a  s ~ c i a l / ~ o l i t i c a l /  
econon~ic system, which can be formulated i n  l i n e a r  programmin~ form, 
and hence s o l v e d ,  t o  g ive  a l l  policy-makers a  v a l i d  common frame- 
work. Thus, t h r o u ~ h  knowledge, b e t t e r  p o l i c i e s  may be made, and 
major p a i n f u l  c o n f r o n t a t i o n s  avoided. 
The o i l  companies, l i k e  o t h e r  energy s u p p l i e r s ,  compctc and 
t r a d e  lr i t l l in t h e  given and f u t u r e  World system, which we b e l i e v e  
i s  determined t o  a  marked degree by p o l i t i c a l  c o n s i d e r a t i o n s .  O i l ,  
coa1,and t o  a  more l i m i t e d  e x t e n t  gas  a r e  r e a d i l y  t r a n s p o r t e d  on 
a  World s c a l e ;  t h e  n a t i o n a l  p o l i c y  of one Country w i l l  a f f e c t  
supp ly /p r ices  and hence compet i t ion i n  o ther  Countr ies .  
It i s  our  b e l i e f  t h a t  n a t i o n a l  energy p o l i c i e s  can on ly  be 
i n v e s t i g a t e d  wi th in  a  world-wide framework, and t h a t  t h i s  i s  more, 
n o t  l e s s ,  t r u e  o f  t h e  c o u n t r i e s  which import ,  consume and expor t  
l a r g e  q u a n t i t i e s  of energy. 
The l i n e a r  programming systems used by o i l  companies have 
emerged s lowly over t h e  p a s t  two decades. The concepts  and t e c h n i -  
ques b u i l t  i n t o  such l a r g e ,  i n t e g r a t e d  systems cannot be desc r ibed ,  
nor  t h e i r  l e s s o n s  l e a r n t  f u l l y ,  without a  g r e a t  d e a l  of t l n ~ e  and 
some con tac t  with t h e  i n d u s t r y .  The o rgan i sa t ion  of d a t a ,  t h e  
computer r o u t i n e s ,  t h e  methods of s e n s i t i v i t y  a n a l y s i s ,  t h e  LP 
mathematics and so  on, a l l  a r e  necessa ry  p a r t s  of t h e  whole, and 
each i s  a  s u b j e c t  i n  i t s  own r i g h t .  
Here it i s  proposed t o  g l o s s  over  t h e  mechanics and t o  suggest  
both  t h e  u s e s  t o  which a  World Energy Model may be p u t ,  and by 
i n f e r e n c e , t h e  reasons  f o r  i t s  development. 
Our demonstra t ion model, incorpora t ing  2 crude s o  rce . s ,  2 2 r e f i n e r i e s  aA;d 3 markets,  h a s  been descr ibed elsewhere . T h i s  
model shows how such an i n t e g r a t e d  o i l  company can be r e p r e s e n t e d  
i n  l i n e a r  programming form which may be solved f o r  minimum c o s t .  
Within t h e  system both  r e f i n e r i e s ,  al though owned by t h e  same Group, 
a r e  competing f o r  t h e  same market which i s  a l l o c a t e d  t o  each r e f i n e r y  
on a  minimum c o s t  c r i t e r i o n .  For example, t h e  s o l u t i o n  g i v e s  r i s e  
t o  t h e  c o s t  o f  each product a t  each r e f i n e r y .  I f  one adds  t h e  t r a n s -  
p o r t  c o s t  o f  each product from each r e f i n e r y  t o  cach mnrliet, nowhere 
i s  i t  cheaper t o  depar t  from t h e  optimal a l l o c a t i o n .  Given a  p e r f e , c t l y  
compet i t ive  s i t u a t i o n  - with t h e  a l l o c a t i o n  o f  t h e  market t o  t h e  
cheapest  source  - t h e  framing of t h e  problem and s o l u t i o n  would be 
i d e n t i c a l  were t h e  r e f i n e r i e s  t o  be owned by d i f f e r e n t  companies. 
b 
Reference 1 of  p r e s e n t  paper 
The methods and philosophy app l ied  t o  a s i n g l e  colttpany a r e  almost 
e x a c t l y  a p p l i c a b l e  t o  t h e  i n d u s t r y  a s  a whole, s u b j e c t  t o  t h e  
assumption of p e r f e c t  competi t ion.  Thus wit11 t !~e  added reasonab le  
assumption t h a t  competing forms of  energy can I)e descr ibcd  i n  l i n e a r  
programming form, t h e  g r e a t  bulk of our knowled~c  and exper ience i s  
a p p l i c a b l e  t o a  World Energy Model. 
It i s  n o t  in tended t o  extend t h e  time-hori::~..~ of t h e  modcl, 
e i t h e r  i n  i ts  s t a t i c  o r  multi- t ime per iod f o r r ~ ~ s ,  hcyond about 15 
years .  It w i l l  t h u s  be a b l e  t o  t ake  account of  innova t ions  i n  t h e  
employment-of resources  by e x i s t i n g  technolog)-, b ~ ~ t  not  of t h e  
p o s s i b l e  emergence of new teclmology. On t h e  ha:< i s  of our prev ious  
experience of p lanning n~ode l s  we b e l i e v e  t h a t  a t ime-horizon of t h i s  
o rder  i s  s u f f i c i e n t  t o  enable  t h e  c u r r e n t l y  necqsshry d e c i s i o n s  t o  
be placed i n  t h e i r  temporal  c o n t e x t ,  and t h a t  l i t t l e  i s  t o  be gained 
by a t tempt ing t o  foreshadow t h e  d e c i s i o n s  o f  sevcl-a1 decades hence. 
P o l i t i c a l  c o n s t r a i n t s  whether l e g a l  o r  f i s c a l  (e .g .  f u e l  o i l  
t a x )  c r e a t e  a  r e s t r i c t e d  environaient wi thin  which p e r f e c t  compet i t ion  
i s  assumed i n  our proposed models. An important f e a t u r e  of t h e  modcl 
i s  t h a t  i t  w i l l  eva lua te  t h e s e  b a r r i e r s  t o  compct i t ion.  It i s  l i k e l y  
t h a t  a  p o l i t i c a l  c o n s t r a i n t  imposed by one liatioll w i l l  i n c r e a s e  t h e  
c o s t  of energy t o  o t h e r  n a t i o n s .  For example, t h e  s o c i a l  d e s i r e  
f o r  a  low sulphur i n  f u e l  o i l  i n  New York cou1.d have a  marlced upward 
e f f e c t  on f u e l  o i l  p r i c e s  i n  Europe. 
The en t repreneur  \-ill no doubt use  World energy models t o  d e t e r -  
mine .XIS optimum market s h a r e  and t o  r e v e a l  where p r i c e s  a r e  s i g n i f i -  
c a n t l y  d e p a r t i n g  from t h e  p e r f e c t  competi t ion of- equil iLriurn cond i t ion .  
-The energy models on s o l u t i o n  w i l l  give r i s e  t o  cquil ibri i irn p r i c e s  
as a  mat ter  of r o u t i n e .  Where a c t u a l  o r  p red ic ted  p r i c e s  s i g n i f i c a n t l y  
d i f f e r  from equ i l ib r ium ones ,  oppor tun i ty  e x i s t s  t o  p rosper  by he lp -  
i n g  t o  r e s t o r e  equi l ibr ium.  
It i s  of v i t a l  i n t e r e s t  t o  measure t h e  e f f e c t  of changing t h e  
charges  l e v i e d  by t h e  Organisat ion o f  Petroleulx Cxport ing C 0 u n t r i . e ~  
(OPEC), and t o  determine t h e  ex ten t  t o  which t h e s e  charges  may r i s e  
before  p a i n f u l  c o n f r o n t a t i o n  occurs.  The n~odel could i n v e s t i g a t e  
the  numerous a s p e c t s  of t h i s  problem. Perhaps t i le most irnportant  
use  of a  World energy model i s  t o  a t tempt  t o  e n s u - e  t h e  smooth supply 
o f  f u t u r e  energy a t  reasonable  cos t .  Careful  p r e d i c t i o n  of t h e  
n a t u r e  and t iming of f u e l  s u b s t i t u t i o n s  could save much wealth.  The 
damage t h a t  could be caused by p r e c i p i t o u s  o r  i l l - c o n s i d e r e d  n a t i o n a l  
p o l i c i e s  t o  t h i s  smooth f u t u r e  supply would a f f e c t  u s  a l l  and needs  
expouneing. 
The assumption of p e r f e c t  compet i t ion,  p e r f e c t  kno~rledge o f  
compet i tors '  r e a c t i o n s ,  p l a n s ,  e t c . ,  i s  i d e a l i s t i c .  The goodness 
of f i t  w i l l  i n d i c a t e  t h e  compet i t iveness  of t h e  i n d u s t r y  and a l s o  
h i g h l i g h t  those  a r e a s  where d e v i a t i o n  i s  l a r g e .  These l a t t e r  a r e a s  
could be sub jec ted  t o  p h y s i c a l  (e .g .  i n s t a l l a t i o n  of new p r o c e s s i n g  
p l a n t )  and/or p o l i t i c a l  i n t e r v e n t i o n  with advantage. 
Enough h a s  been s a i d  t o  i n d i c a t e  t h a t  t h e  need f o r  a  World 
energy model e x i s t s ,  t h a t  most of t h e  methodology and phi losophy 
under ly ing  t h e  p r o j e c t  a r e  we l l  lmown, and some p o s s i b l e  u s e s  have 
been i n d i c a t e d ;  t h e  major problem i s  now one of assembling world- 
wide energy and economic da ta  and n o t  the  l e a s t  v i t a l  i s  a  c l e a r  
s ta tement  of p o l i t i c a l  cons t rn i r i t s  imposed on t h e  energy system. 
Experirncnts wi th  t h e    nod el and a n a l y s i s  of i t s  s o l u t i o n s  w i l l  soon 
i d e n t i f y  those  v a r i a b l e s  and c o n s t r a i n t s  of importance and hence 
concen t ra te  t h e  mind . '[ 
Since then  a  model sf t h e  world petroleum and n a t u r a l  gas  
s e c t o r  has  been. b u i l t  arid many r u n s  made. 
( b )  Br ie f  d e s c r i p t i o n  
The model cons iders  t h e  world a s  25 d i s c r e t e  geographical  a r e a s  
(Canada 2 ,  USA 3 ,  France 1, Scandinavia 2 ,  and s o  o n ) ,  2 2  of which 
a r e  a l s o  r e f i n i n g  c e n t r e s .  The remainillg 3  r e l a t e  t o  Sov ie t  b l o c  
p a r t i c i p a t i o n  i n  t h e  world scene wi th  regard t o  e x p o r t s  of o i l  and 
gas .  
52 d i f f e r e n t  crude o i l s  a r e  represen ted  i n  t h e  model, t h e  
s e l e c t i o n  of t h e s e  being based on t h e  r e l a t i v e  importance of crude 
t y p e s  due t o  t h e i r  loca t , ion ,  q u a n t i t y  a v a i l a b l e ,  q u a l i t y  o r  p o l i t i c a l  
s i g n i f  l cance. 
22 r e f i n i n g  c e n t r c s  a r e  considered.  Avai lable  capac i t j -  i n  each 
a r e a  i s  based on t h e  i n h e r i t e d  s i t u a t i o n ,  with f u t u r e  c a p a c i t y  b e i n g -  
determined by t h e  model t o  achieve t h e  l e a s t  c o s t  s a t i s f a c t i o n  of 
a r e a  product demands. The p rocesses  considered,  wi th  t h e i E  
a b b r e v i a t i o n s  a r e  : 
( 1 )  Crude o i l  d i s t i l l a t i o n  
( 2 )  Vacuum d i s t i l l a t i o n  
( 3 )  C a t a l y t i c  cracking 
( 4 )  C a t a l y t i c  reforming 
( 5 )  Alky la t ion  
(6)  Kero and gas o i l  hydrocracking 
(7 )  D i s t i l l a t e  ( i n c l .  GO) hydrof ining 
(8) Residue d e s u l p h u r i s a t i o n  
( 9 )  Residue coking 
(10)  Na tura l  gas l i q u i f a c t i o n  
(11)  LNG r e - g a s i f i c a t i o n  , 













A comprehensive range of r e f i n e d  products  can be produced i n  
each a r e a ,  each product being manufactured according t o  r e l e v a n t  
s p e c i f i c a t i o n s  o r  r e s t r i c t i o n s .  
The model i s  c o n s t r u c t e d  s o  t h a t  t h e  expor t  c r u d e  o i l  r e p r e s e n t e d  
can  move t o  a  wide r ange  o f  p o s s i b l e  r e f i n i n g  a r e a s  i n  s i x  s i z e  c a t e -  
g o r i e s  of  s h i p s  ( r e s t r i c t e d  by s i z e s  of  p o r t s  and l lai-bours) .  The 
t o t a l  f l e e t  i n h e r i t e d  can a t  a  p r i c e  b c  expanded by a d d i t i o n s  i n  
each  s i z e  c a t e g o r y  t o  a c h i e v e  l e a s t  c o s t  s a t i s f a c t i o n  o f  p roduc t  
demand. I n t e r - a r e a  movements of r e f i n e d  p r o d u c t s  a r e  a l lowed i n  
t h r e e  s i z e  c a t e g o r i e s ;  t h e s e  can a l s o  be  expanded a t  a p r i c e .  
( c )  B a s i c ~ a s s u r n p t i o n s  
The economic model makes t h r e e  b a s i c  assumpt ions .  
( 1 )  It i s  shown e l s c ~ i h e r e  ( r e f s  2 ,  3) t h a t  i t  i s  p o s s i b l e  t o  
c o n s t r u c t  e q u i l i b r i u m  p r i c e  e q u a t i o n s  between v a r i o u s  
forms o f  energy  t a k i n g  i n t o  account  t cchno logy  and 
economic f a c t o r s ;  e .g .  t h e  p r i c e  of  r e g u l a r    not or 
g a s o l i n e  could  be equa l  t o  t h e  p r i c e  o f  naph tha  p l u s  t h e  
c o s t  o f  r e fo rming  i t .  
The p o i n t  t o  n o t e  i s  t h a t ,  g iven  t h e  f u l l  t e c h n i c a l  model ,  
equ i l i b r j . um p r i c e s  a r e  inc le terminate .  The p o s i t i o n  i s  a s  
i f  we had t h r e e  unlao\ms but  on ly  two e q u a t i o n s  t o  d e t e r -  
mine them. For  example, g i v e n  t h e  two e q u a t i o n s :  
we cannot  de t e rmine  t h e  unlcnowns, x , y  and z ,  because  t h e  
e q u a t i o n s  can be  s a t i s f i e d  by i n f i n i t e l y  many s e t s  o f  
v a l u e s .  However, i f  t h e  v a l u e  of one o f  t h e  unknowns i s  
g i v e n ,  t h e  o t h e r  two can be  'de termined.  
.Because t h e  namber o f  e q u a t i o n s  i s  o n l y  one l e s s  t h a n  t h e  
number o f  unknowns t h e  inde te rminacy  i s  one -d imensional .  
Only a  s i n g l e  e x t e r n a l  c o n d i t i o n  i s  needed i n  o r d e r  t o  
s o l v e  i t .  T h i s  one-dimensional  indctern i inncy i s  t h e  s i t u -  
a t i o n  found i n  ene rgy  mode l s - ( and  O P E C ,  t h e  r e a l  w o r l d ) .  
T h i s  we a c c e p t  st t h e  o u t s e t  s i n c e  we must assume one 
e x t e r n a l  p r i c e ,  t h e  p r i c e  of  l i g h t  Arabian  c r u d e ,  t o  
d e t e r m i n e  t h e  e q u i l i b r i u m  p r i c e s  o f  a l l  p r o d u c t s ,  c r u d e s  
and n a t u r a l  gas .  Accordingly ,  t h e s e  de t e rmined  p r i c e s  
- a r e  n o t  a b s o l u t e ,  b u t ,  s i n c e  we a r e  i n t e r e s t e d  i n  t h e  
e f f e c t  on p r i c e s  o f  a  p o l i c y  change,  t h e  r e s u l t a n t  d i f f e r -  
e n t i a l s ,  a s  w i l l  be shown l a t e r ,  a r e  r c l a t i v e l y  i n s e n s i t i v e  
t o  t h e  assumed e x t e r n a l  p r i c e  and hence a r e  i n  p r a c t i c e  
r e a l i s t i c .  S i n c e  we cannot  de termine  a b s o l u t e  p r i c e s ,  b u t  
can de te rmine  changes  i n  p r i c e s , w e  c o n c e n t r a t e  o n l y  on 
t h e s e  d i f f e r e n c e s .  
Our b a s i c  assumpt ion ,  r e a s o n a b l e  when f i r s t :  nlade, b u t  now 
o u t d a t e d ,  i s  t h a t  t h e  marg ina l  c r u d e ,  Arabia11 L i g h t ,  i s  
o p t i o n a l l y  a v a i l a b l e  a t  $14.50/tonne1 o r  $1..96/barrel FOB. 
( 2 )  P e r f e c t  lrnowledge and compe t i t i on  i n  t h e  who lesa l e  p r o d u c t ,  
c rude  and n a t u r a l  gas  market ;  t h i s  a s p e c t  i s  f u l l y  d i s -  
cus sed  e lsewhere  ( r e f s  2,3). 
( 3 )  Eriergy demand i s  i n c r e a s i n g  and t h i s  assumptiol l  i s  n o t  
l i k e l y  t o  be cha l l enged  a s  a  long-term t r e n d .  T h i s  a l l o w s  
u s  t o  d e t e r m i n e ,  n o t  e s t i n i a t e ,  and i n  essel lce we talre  a  
f u t u r e  demand p a t t e r n  and de termine  t h e  l e a s t  c o s t  s o l u t i o n  
o f  meet ing  i t .  We l e a v e  i t  t o  t h e  r e a d e r  t o  d e c i d e  hhcn 
t h e  s t a t e d  dernallc! w i l l  be reached.  
The s o l u t i o n  determines a  h o s t  o f  f a c t o r s :  s u p p l y  l o g i -  
s t i c s ,  e q u i l i b r i u m  p r i c e s ,  e t c .  , t h a t  shou ld  p r e v a i l  when 
.the demand p a t t e r n  i s  r eached .  S i g n i f i c a n t l y ,  we d e t e r -  
mine the  c a p i t a l  budget  f o r  new r e f i n e r y  p l a n t ,  o i l  t an lcers  
and s o  on. S i n c e  t h e  l e a d  t ime f o r  new pl.ant , e t c .  i s  
511 t h e  o r d c r  o f  3 y e a r s ,  whether  we a r e  l o o k i n g  5  o r  7  
y e a r s  ahead i s  n o t  s i g n i f i c a n t ,  when making inves tmen t  
d e c i s i o n s .  We do  n o t  s t o p  t o  c o n s i d c r  t h i s  i m p o r t a n t  
p o i n t  as t h i s  i s  d i s c u s s e d  i n  Reference  4. 
(d) B a s i s  o f  run% 
In t h e  p r e l i m i n a r y  r u n s  we have talcen t h e  world s i t u z t i o n ,  a s  a t  
t h e  end o f  1972 ,  a s  g i v e n ,  and t a k e n  a  demand p a t t e r n  f o r - a  p e r i o d  
f i v e  y e a r s  ahead i n  1977.  1tThilst we accep t  t h e  t o t a l  demand p a t t e r n  
tho s p l i t  between p r o d u c t s  i s  a l lowed t o  v a r y  w i t h i n  t h e  model v i a  
economic s u b s t i t u t i o n s .  The ono v a r i a n t  c a s e  we d i s c u s s  l ' a t e r  
f o r c e f u l l y  i l l u s t r a t e s  t h i s  p o i n t .  
The c u r r e n t  model h a s  t h e  f o l l o w i n g  b a s i s :  
A- produc t  demand p a t t e r n  f o r  1977 
E x i s t i n g  1972 r e f i n e r y  p l a n t  and tanlcer c a p a c i t y  
Crude P r o d u c t i o n s  f o r  1977 
P roduc t  s p e c i f i c a t i o n s  f o r  1977 
Y i e l d  d a t a  on c r u d e s ,  b l end ing  i n d i c e s ,  e t c .  
O p e r a t i n g  and c a p i t a l  c o s t s  o f  new r e f i n e r y  equipment 
by  a r e a s  and a l s o  f o r  tan lcers  by s i z e  c a t e g o r y ,  a s  s e e n  
i n  1977 
P o r t  and h a r b o u r  c o n s t r a i n t s  a s  seen  i n  1977 
c u r r e n t  p o l i t i c a l  c o n s t r a i n t s  a s  s e e n  i n  1977. 
( e )  Output i n f o r n ~ n t i o n  
The output  from each run i s  very  voluminous, amounting t o  some 
600 pages of computer p r i n t  o u t ,  o r  8 Ibs .  of paper.  Since  i t  i s  
impossible  t o  r e p o r t  a l l  t h e  j -nfora~at ion ( o r  f o r  t h e  r e a d e r ,  a t  
f i r s t ,  t o  absorb i t ) ,  we h i g h l i g h t  some of t h e  informat ion i n  
appended t a b l e s .  A s  wc a r e  mindful of t h i s  Alnei-ican audience,  
we have chose11 here  t o  h i g h l i g h t  t h e  e f f e c t s  of a  p o s s i b l e  change 
i n  a  USA p o l i t i c a l  cor is t ra int  - namely up t o  30% of t h e  n a t u r a l  gas 
demand can be s u b s t i t u t e d  by l i q u i d  products  (naph tha ,  No 2  fu rnace  
f u e l  o i l ,  low sulphur  f u e l  o i l ) .  
The value  of models l i e s  p r i m a r i l y  i n  t h e i r  a b i l i t y  t o  e v a l u a t e  
changes,  no t  t o  es t imate  e::nct b u i l d i n g  programmes. The l a t t e r  
r e q u i r e s  ve ry  exact  infci-mation; t h e  former, s i s c e  e r r o r s  t end  t o  
be s e l f - c a n c e l l i n g  i f  wr measure d i f f e r e n c e s ,  i s  l e s s  exac t ing .  
. ( 3 )  BA.SE CASE 
(a) Refinery p l a n t  c o n s t r u c t i o n  
Table  1 l i s t s  t h e  new r e f i n e r y  p l a n t  c a p a c i t i e s  by a r e a ,  i n  
thousand B/SD, per  t h e  Model s o l u t i o n ,  t h a t  w i l l  be added by 1977. 
These a r e  on t o p  of e x i s t i n g  capacities i n  t h e  base  y e a r  of 1972, 
wi th  nega t ive  f i g u r e s  representing unused c a p a c i t i e s  a l r e a d y  a v a i l -  
a b l e  i n  1972. Row A i n d i c a t e s  t h a t  i n  A u s t r a l i a  a l l  t h e  i n h e r i t e d  
crude c a p a c i t y  i s  employed but i t  i s  not  economic t o  b u i l d  e x t r a  
c a p a c i t y ,  whi le  t h e r e  i s  a  surp lus  of 21k9,000 B/SD of  vacuum d i s -  
t i l l a t i o n  c a p a c i t y ,  which rcrnsins unused. The world-wide t o t a l s  
of new c a p a c i t i e s  a r e  given near  t h e  bottom of t h e  Table a long  t h e  
"'Total B u i l t "  row, which gil-es 9,181,000 B/SD of new crude d i s t i l l a -  
t i o n  c a p a c i t y ,  2,902,000 B/SD of new vacuum, and s o  on. The row 
below t h i s  e n t i t l e d  "Unused C a p a c i t y "  shows t h e  i n h e r i t e d  c a p a c i t y ,  
a t  zero  r e n t  o r  c o s t ,  t h a t  i s  spare .  For example, 1 ,837 ,000  B/SD 
vacuum d i s t i l l a t i o n  capasci ty  rona ins  unused even though 2,902,000 
B/SD i s  b u i l t  i n  o t h e r  a r e a l .  The l a s t  row r e p o r t s  t h e  n e t  c a p a c i t y  
usage world-wj-de, t h i s  being of value  when ana lys ing  t h e  r e s u l t s  
f o r  some r e f i n e r y  processes .  
These f i g u r e s  a r e  ve ry  s e n s i t i v e  t o  t h e  i n h e r i t e d  p o s i t i o n .  
For example, i f  t h e  i n h e r i t e d  crudbe u n i t  capac i ty  i n  UK and E i r e  was 
overs ta ted  by 100,000 U/SD, then  not  453,000 B/SD but 553,000 B/SD 
would need t o  be comrnissioiled. However, a s  we s h a l l  be concerned 
wi th  d i f f e r e n c e s  when cons ider ing  v a r i a n t s ,  t h i s  t e n d s  t o  be s e l f -  
c a n c e l l i n g .  We a r e  aware t h a t  t h e  s u r f a c e  i s  reasonab ly  f l a t  i n  
our s o l u t i o n  and,  from o t h e r  r e s u l t s ,  Ire lmow t h a t  wi th  s l i g h t l y  
d i f f e r e n t  a ssun~pt ions  more pla t forming and l e s s  c rack ing  t a k e s  p l a c e .  
However, both s o l u t i o n s  give  r i s e  t o  ve ry  s i m i l a r  t o t a l  c a p i t a l  and 
o v e r a l l  c o s t s .  Be t h i s  a s  i t  may, t h c  bui ld ing programme given i s  
a  reasonab le  guide t o  t h e  w o r l d ' s  r e f i n e r y  p l a n t  c o n s t r u c t i o n .  The 
unused c a p a c i t y  i s  i n d i c a t i v e  of ve ry  premature l lu i ld ing  programmes 
in t h e  p a s t .  
Table  2  sununarises t h e  r e f i n e r y  c a p a c i t y  t o t a l s  on a  world- 
wide b a s i s  f o r  i n d i v i d u a l  p rocesses  f o r  both  t h e  base and v a r i a n t  
cases .  
( b )  Tankship cons t ruc t ion  and opera t ion  
Table 3 ,  a  shipping comparison, summarises t h e  main r e s u l t s  
of t h e  computer s o l u t i o n ,  with t h e  f i r s t  column showing t h e  r e s u l t s  
obta ined f o r  t h e  base case  on which we w i l l  concentra te  f o r  t h e  mon~cnt. 
The f i rs t  h a l f  of t h e  t a b l e  expresses  equi l ibr ium f r e i g h t  r a t e s  f o r  
t h e  s i x  s i z e  c a t e g o r i e s  of v e s s e l s  on t h e  r o u t e  from t h e  P e r s i a n  Gulf 
t o  Rotterdam i n  terms of Worldscale. We no te  t h a t  v e s s e l s  of l e s s  
t h a n  25,000 dwt co~ntnand an equ i l ib r ium spo t  f r e i g h t  of 97.3% o f  
Worldscale,  25-50,000 dwt v e s s e l s  a  r a t e  of 86.6%: reducing t o  a  
v a l ~ l e  of 60.4% f o r  v e s s e l s  of g r e a t e r  t h a n  200,000 dwt c a p a c i t y .  
The second p a r t  of t h e  t a b l e  shows t h e  t o t a l  of new o i l  t a n k e r s  
t o  be cons t ruc ted  t o  meet t h e  demand p a t t e r n  of t h e  base  case  by 
1977 a s  96.4 d i l l i o n  deadweight t o n s .  Of t h i s  t o t a l ,  94.8 m i l l i o n  
deadweight t o n s  a r e  i n  t h e  l a r g e s t  v e s s e l  s i z e  category of over 
200,000 d~ut  c a p a c i t y ,  and t h e  remaining 1 . 6  m i l l i o n  dwt t o n s  a r e  
in t h e  125-200,000 dwt c a p a c i t y  range,  while t h e  i n h e r i t e d  c a p a c i t y  
a f t e r  d c 2 l e t i o n s  i n  1977 i s  s u f f i c i e n t  t o  cover requirements  f o r  
smal le r  s i z e d  v e s s e l s .  The values  shown i n  b racke t s  i n  t h i s  p a r t  
of t h e  t a b l e  a r e  t h e  p e n a l t i e s  c a l c u l a t e d  by t h e  model a g a i n s t  
b u i l d i n g  t h e s e  smal le r  v e s s e l s ,  and t h e s e  i n d i c a t e  t h a t  t h e  owner 
of a  25,000 dwt v e s s e l  would f a i l  t o  recoup h i s  annual c a p i t a l  
charge by some $67.3/deadweight tons /year ,  but  p e n a l t i e s  reduce .rvith 
i n c r e a s i n g  v e s s e l  s i z e ,  so  t h a t  t h e  owner of a  v e s s e l  i n  tile 
80-125,000 dwt s i z e  category would l o s e  only  $5.8/dwt/year. 
The r e s u l t s  f o r  t h e  base  case  confirm t h e  c u r r e n t  paradox t h a t  
t h e  d i f f e r e n c e  between t h e  spo t  f r e i g h t s  of smal ler  v e s s e l s  and t h e  
l a r g e r  ones do n o t  r e f l e c t  t h e  c o s t  d i f f e r e n t i a l s .  Tankers have 
long l i v e s  and t h e  smal le r  v e s s e l s  have been over-const ructed i n  
t h e  p a s t ,  presumably because investment dec i s ions  were made on 
c o s t  and not value  judgements. 
The LNG s h i p s  a r e  b u i l t  i n t h e  lai-ger of t h e  two s i z e s ,  125,000 
cu. meters .  A l l  of  t h e  e x i s t i n g  c a p a c i t y ,  of t h i s  s i z e  and t h e  
smal le r  75,000 cu. meters ,  were f u l l y  u t i l i z e d .  
F i n a l l y ,  i n  Table 3 ,  t h e  &adweight tonnage employed i n  product  
movements, l i m i t e d  t o  t h e  t h r e e  s m a l l e s t  s i z e  c a t e g o r i e s ,  i s  
l i s t e d .  T h i s  type of t r a d e  was allowed f o r  when determining t h e  
new tonnage requirements  f o r  1977. 
(c) C a p i t a l  Expenditure 
Tab le  4 ,  f i r s t  column, shows f o r  t h e  base c a s e ,  t h e  c a p i t a l  t o  
be spen t  between t h e  end of 1972 and t h e  terminal  y e a r ,  1977. Thus,  
f o r  example, t o  b u i l d  t h e  r e q u i r e d  new r e f i n e r y  p l a n t  i n  A u s t r a l i a  
some $15 m i l l i o n  would be spent (Tabla 1 shows t h i s  t o  c o n s i s t  
of new c a t a l y t i c  reforming a n d - a l k y l a t i o n  c a p a c i t y ) ,  whi le  i n  the 
UK and E i r e ,  $591 mi l l ion  would be spen t ,  and so on. I n  t o t a l ,  
t h e  non-Communist world requirement f o r  new r e f i n e r y  and LNG p l a n t s  
would cost  $21.3 b i l l i o n .  On top  of t h i s ,  $12.6 b i l l i o n  a r e  r e q u i r e d  
f o r  t a n k e r s  and $6.5 b i l l i o n  f o r  LNG c a r r i e r s  t o  reach a  t o t a l  of 
$40.4 b i l l i o n  i n  t h e  r e f i n i n g  and shipping sec to rs .  
(d )  Natural  gas 
Table 5  shows,for 19  d i f f e r e n t  producing a r e a s ,  t h e  a v a i l a b l e  
gas s u p p l i e s  assumed f o r  1977 and, f o r  t h e  base c a s e ,  t h e  correspond- 
i n g  unused gas supp l ies  and t h e  equi l ibr ium p r i c e s  of t h e  gases  a t  
the well-head. The gas q u a n t i t i e s  a r e  quoted i n  u n i t s  of m i l l i o n  
bbls/CD a s  f u e l  o i l  equ iva len t s ,  and the  equi l ibr ium p r i c e s  a s  
$/9bl FOE. With t h e  gas p r i c e s  being those  a t  the  well-head, then  
f o r  LNG export  schemes, t h e  p r i c e s  a r e  not only be fore  ocean f r e l g h t  
i n  r e f r i g e r a t e d  t ankers ,  but  a l s o  before l i q u e f i c a t i o n  a t  e x p o r t  
poin t  and before  p i p e l i n i n g  from t h e  f i e l d  t o  t h e  l i q u e f i c a t i o n  p l a n t .  
For t h e  base case ,  of t h e  359,000 B/CD of gas  (FOE) a v a i l a b l e  
i n  A u s t r a l i a ,  only about a  h a l f ,  189,000 B/CD, i s  ~ l t i l i s e d ,  with 
t h e  o thcr  170,000 B/CD l e f t  a lone.  Brunei, on t h e  o t h e r  haild, l i f t s  
i ts  e n t i r e  a v a i l a b i l i t y  of 359,000 B/CD and i t s  equ i l ib r ium well- 
head p r i c e  i s  $0.38 per  b b l  FOE. Of the  gas 2roduct ion c a p a c i t i e s  
thought t o  be a v a i l a b l e  i n  1977, those  i n  A u s t r a l i a ,  Pak i s tdn ,  P e r s i a n  
Gulf and S i b e r i a  a r e  not  u t i l i s e d  t o  t h e  f u l l .  The p r i c e s  t a b l e d ,  
and t h e  u t i l i s e d  gas q u a x t i t i e s ,  a r e  r e l a t i v e  t o  Arabian l i g h t  crude 
a t  $1.96/bb1 FOB. 
( e )  - Equilibrium product p r i c e s  on wholesale b a s i s  
Table 6 g i v e s  these  p r i c e s ,  $ , p e r  b b l ,  f o r  t h e  base c a s e ,  by 
a rea .  For example, reading a c r o s s  t h e  f i r s t  row, equ i l ib r ium p r i c e s  
i n  A u s t r a l i a  a r e :  $2.92/bbl f o r  Refinery gas and LPG, $3.48/bbl 
f o r  Light  d i s t i l l a t e  feeds tock ,  and s o  on. I n  abso lu te  v a l u e s ,  t h e s e  
p r i c e s  a r e  very s e n s i t i v e  t o  t h e  assumed p r i c e  of $1.96/bbl f o r  l i g h t  
Arabian crude. I n  our d i scuss ion  we s h a l l  be concerned mainly wi th  
d i r f e r e n c e s  r a t h e r  than abso lu te  va lues ,  and these  d i f f e r e n c e s  a r e  
r e l a t i v e l y  i n s e n s i t i v e  t o  crude p r i c e s ,  over reasonable  ranqcs.  
Th is  can be seen a s  follows: 
A product p r i c e  can be thought of a s  made up o f  two p a r t s .  
One p a r t  a r i s e s  from f r e i g h t ,  c a p i t a l  and operat ing expenses,  and 
t h e  o t h e r  i s  based on crude c o s t s .  For eximple, a  product p r i c e  of 
$4.0/bbl might be made up a s   follow^:^ 
F r e i g h t ,  c a p i t a l  and opera t ing  c o s t s  1.65 
1.2 x P r i c e  of marginal  crude (1.96) 2.35_ 
4.00 
with t h e  f a c t o r  of 1.2 implying t h a t  t o  make an e x t r a  b a r r e l  of t h i s  
product ,  1.2 b b l s  of crude o i l  a r e  requ i red .  
I n  g e n e r a l ,  the  r e l a t i o n s h i p  between a  product p r i c e  P  and 
X 
marginal  crude p r i c e  P  i s  C 
If t h i s  r e f e r s  t o  t h e  base case ,  then i n  a  v a r i a n t  i t  i s  rep laced  
bY 
Thus t h e  change i n  product p r i c e  i n  the  v a r i a n t  i s  
- p  = ( a '  - a )  + ( b '  -b)Pc A Px = p; 
+ere a ' -  a  r e p r e s e n t s  d i f f e r e n c e s  i n  f r e i g h t ,  c a p i t a l  and opera t ing  
charges between var ian t  and base c a s e ,  and b' -b i s  t h e  change i n  
t h e  amount of crude o i l  needed tc make a  ton of product ,  u s u a l l y  a 
m a l l  d i f f e r e n t i a l .  
It fo l lows  t h a t  t h e  e f f e c t  of changes i n  crude p r i c e  on d i f f e r -  
a c e s  between product p r i c e s  i s  of second order .  I f  t h e  assumed 
p r i c e  of crude i s  changed from P t o  PA, the  e f f e c t  on a product 
p r i c e  comparison i s :  C 
I t  c o n s i s t s  of one f i r s t - o r d e r  d i f f e r e n c e  mul t ip l i ed  by another  and 
i s  t h e r e f o r e  of second order .  Th i s  i s  why product p r i c e  comparisons 
a r e  i n s e n s i t i v e  t o  moderate changes i n  assumed crude o i l  p r i c e s .  
( f )  U. S. supply and demand l o g i s r i c s  
Table  7 shows imports o f  crude o i l  and products  i n t o  t h e  t h r e e  
U S  a r e a s ,  by t anker  s i z e ,  f o r  t h e  base case.  TabLe 8 shows how a 
computer s o l u t i o n  can be arranged t o  give  comprehensive supply l o g i -  
s t i c s  f o r  o i l  l i q u i d s  covering a  sub-continent,  he re  por t rayed a s  
t h e  base case r e s u l t s  f o r  t h e  t h r e e  US . a r e a s ,  but with t h e  n a t i o n a l  
supply f i g u r e s  summarising a s  : 
Mil l ion  ~ b l s / C D  
Domestic s u p p l i e s  (crude o i l ,  n a t u r a l  
gas  l i q u i d s ,  e t c )  11.04 
Crude o i l  and NGL imports: From Canada 1.13 
From o ther  c o u n t r i e s  4.61 
Products  5.28 
22.16 
Table  9  shows how n a t u r a l  gas demand could be rnet i n  t h e  t h r e e  
US a r e a s  i n  1977, with t h e  LNG shipments from Southern Alaska t o  
t h e  West Coast n e t  of amounts t r a n s f e r r e d  by p i p e l i n e  t o  t h e  i n l a n d  
Cent ra l  a r e a .  The gas s u p p l i e s  on a  n a t i o n a l  b a s i s  t o t a l :  
Mi l l ion  Bbls  
pe r  CD (FOE)  % 
- 
Doinestic product ion ( i n c l .  Alaskan LNG) 11.26 
Domestic SNG 1 . 2 1  
.69 
7 
p i p e l i n e  imports  (Canada) 1 - 3 9  9  
LNG imports  2.47 - 15 
1 6  33 100 
- 
(g)  Equi l ibr ium p r i c e s  of crude oj.1 
Table  10 ' i n d i c a t e s  t h e  q u a n t i t i e s  of crude o i l s  a v a i l a b l e  on 
a  world-wide b a s i s  f o r  t h e  model i n  1977, and t h e  corresponding 
q u a l i t i e s .  For example, t h e  820,000 D/CD of crude a v a i l a b l e  i n  
t h e  UK s e c t o r  of t h e  North Sea is  a l l  c l a s s i f i e d  a s  F o r t i e s  c rude ,  
when cons ider ing  crude q u a l i t i e s ,  azzd t h i s  has  a 36.6 A P I  g r a v i t y  
and a 0.28% w t  ssulphur con ten t .  The crude o i l  a v a i l a b i l i t i e s  f o r  
d i f f e r e n t  a r e a s  summarise a s :  
M i l l i o n  I 000 
TONIC s/Annr~:n B/CD 
USA 
Canada 
L a t i n  America 
North Sea 
Afr ica  
Middle East  
Indones ia /Aus t ra l i a  
No North s l o p e  crude from Alaska i s  assumed a v a i l a b l e ,  whi le  
t h e  r e l a t i v e l y  smal l  amounts of crude produced i n  c o n t i n e n t a l  
Europe, such a s  Germany and France,  a r e  assllmed t o  be processed i n  
l o c a l  r e f i n e r i e s  and no t  a v a i l a b l e  f o r  expor t .  
Table 11 g i v e s  t h e  equ i l ib r ium p r i c e s  a t  t h c  f i e l d s  f o r  t h e  
crude o i l s .  Thus i n  t h e  column f o r  t h e  base case i t  w i l l  be seen 
t h a t  t h e  F o r t i e s  c rude ,  taken a s  composite f o r  the UK North Sea,  
has  a  f i e l d  va lue  of $3.13 p e r  bbl  t h e  same a s  t h a t  i n  t h e  ad jacen t  
Norwegian s e c t o r  (Ekofisk  c r u d e ) ,  r e l a t e d  t o  t h e  $l .96/bbl  p r i c e  
f o r  Arabian l i g h t  crude. 
Besides Arabian l i g h t ,  four  o t h e r  Middle Eastern  crudes  were 
taken a s  marginal  c rudes ,  and f o r  given f.0.b. va lues  and permitte-d 
maximum product ion a v a i l a b i l i t i e s ,  t h e  computer s o l u t i o n s  i n d i c a t e d  
what crude l i f t i n g s  would be f o r  each ( s e e  bottom of Table  1 1 ) .  
The r e l e v a n t  d a t a  f o r  t h e  base case  a re :  
.Arabian Light  1.96 
Arabian Heavy 1 - 9 0  
Ku.rait Export 1991 
1rzr.ian Light  1.99 
I r a n i a n  Heavy 1 . 9 8  
' 000 B/CD 
Max. Avail. Q u a n t i t y  p e r  
S o l u t i o n  
( 4 )  THE VARIANT CASE 
( a )  General  
Each computer run niinimises t h e  t o t a l  cos t  o f  meeting t h e  given 
demand p a t t e r n  under s p e c i f i e d  cond i t ions .  The t o t a l  c o s t  t h a t  i s  
t o  bc  minimised i n  our model c o n s i s t s  of t h e  following components, 
c a l c u l a t e d  on an annual b a s i s :  
(1 )  I n  r e l a t i o n  t o  new c a p i t a l  a s s e t s  ( r e f i n e r y  p l a n t ,  
t a n k e r s ,  e tc3 an  annual charge r e p r e s e n t i n g  15% DCF 
over  t h e  es t imated l i f e  of t h e  a s s e t ,  t o g e t h e r  wi th  
insurance ,  maintenance and ( i n  t h e  case of r e f i n e r i e s  
on ly)  manning and overheads. 
(2)  The running c o s t s  a ssoc ia ted  with t h e  o p e r a t i o n  o f  
bo th  new and e x i s t i n g  a s s e t s .  For t ankers  t h e s e  
inc lude  crew, s t o r e s ,  p o r t  dues and bunkers,  and,  
f o r  r e f i n e r y  p l a n t ,  chemicals and u t i l i t i e s  (power 
and water)  . 
(3)  Payments f o r  t h e  amounts used of t h e  f i v e  marginal  
crudes  ( r e p r e s e n t i n g  mainly a  monopoly r e n t  p a i d  t o  
t h e  expor t ing governments). 
The t o t a l  of t h e s e  i t ems  i s  t h e  f u n c t i o n a l  i n  our o p t i m i s a t i o n s ,  
which, ho~vever ,  does not  inc lude  t h e  c o s t s  of non-marginal c r u d e s ,  
f i x e d  charges on e x i s t i n g  t ankers  o r  r e f i n e r y  p l a n t ,  and p o s s i b l e  
sav ings  by s h u t t i n g  down o r  scrapping e x i s t i n g  a s s e t s  , t h i s  l a s t  
u s u a l l y  an i n s i g n i f i c a n t  i tem.  The c o s t s  included i n  t h e  f u n c t i o n a l  
a r e  e s s e n t i a l l y  those  t h a t  can vary from one run t o  ano ther .  Thus ,  
i f  we compare t h e  func t iona l  va lues  obta ined f o r  t h e  v a r i a n t  wi th  
t h a t  of t h e  base c a s e ,  t h e  d i f f e r e n c e  r e p r e s e n t s  t h e  n e t  e f f e c t  o f :  
( 1 )  A r i s e  o r  f a l l  i n  t r u e  resource  c o s t s .  
( 2 )  Changes i n  the  amount of monopoly r e n t  p a i d  t o  owners 
o f  marginal  crudes.  
The minimised f u n c t i o n a l ,  a s  def ined i n  t h i s  way, h a s  been 
c a l c u l a t e d  f o r  our  two c a s e s  a s :  
p /Mil l ion/yr  Func t iona l  Change 
Base Case 
Var iant  case  
Thus f o r  our v a r i a n t  case  where o i l  i s  allowed t o  be s u b s t i t u t e d  
f o r  n a t u r a l  gas  i n  t h e  USA, t h e  n e t  e f f e c t  of changes i n  r e s o n r c e  
'use and of payments t o  t h e  owners of t h e  f i v e  margj.na1 c rudes  i n  
t h e  Middle East  i s  a  saving of $1.99 b i l l i o n  per  year .  
Now t h i s ' t o t a l  c o s t . s a v i n g  does n o t  equal  t h e  t o t a l  consumer 
p r i c e  saving.  I n  f a c t  it  would be unusual i f  it dicl., 
The diagram below e x p l a i n s  t h i s :  
PRODUCTION (BARRELS) 4' I 
REQU IIXMEK'I' 
. v m / d  PFUCE SAVINGS 
m\q COST SAVINGS 
on t h i s  diagram, t h e  s o l i d  curve r e p r e s e n t s  t h e  c o s t  o f  
success ive  increments  i n  product ion i n  t h e  base c a s e ,  and t h e  dashed 
curve shows corresponding c o s t  elements i n  t h e  v a r i a n t  case .  I n  
t h e  c a s e  i l l u s t r a t e d ,  t h e  v a r i a n t  shows a  saving over  t h e  base  case .  
The amount of t h e  saving i s  represen ted  by t h e  a r e a  between t h e  two 
curves .  T h i s  i s  tlie saving t h a t  shows up a s  a  decrease  i n  t h e  o p t i -  
mised f u n c t i o n a l .  
I n  a s s e s s i n g  t h e  saving t o  t h e  consumer, we a r e  concerned on ly  
wi th  p r i c e s ,  n o t  c o s t s .  P r i c e s  a r e ,  a t  compet i t ive  e q u i l i b r i u m ,  
equal  t o  t h e  c o s t s  of t h o  l a s t  increment i n  ou tpu t .  The aggrega te  
payment by t h e  consumer i s  t h e r e f o r e  represented by t h e  a r e a  under 
a  h o r i z o n t a l  l i n e  through Zhe p o i n t  r e p r e s e n t i n g  t h i s  marginal  c o s t .  
The sav ing  t o  t h e  c o n s m e r ,  o r  p r i c e  saving,  i s  t h e  a r e a  between 
t h e  two h o r i z o n t a l  l i n e s .  
I n  t h e  example, t h e  p r i c e  saving a r e a  i s  g r e a t e r  t h a n  t h e  c o s t  
saving a r e a .  Thus t h e r e  i s  a  n e t  decrease  i n  t h e  ' r e n t '  r e c e i v e d  
by producers  i n  t h e i r  r o l e  a s  owners of sca rce  resources .  I n  t h i s  
i n s t a n c e  t h e  c o s t  savings  i n  tht; v a r i a n t  accrue t o  t h e  consumer and 
n o t  t o  t h e  producer.  Whether t h i s  o r  t h e  opposi te  e f f e c t  o c c u r s  i s  
determined by t e c h n i c a l  a s p e c t s  of t h e  s i t u a t i o n .  To i n v e s t i g a t e  
t h e  m a t t e r ,  we must examine t h e  changes i n  both tlie c o s t  a g g r e g a t e s  
and tlie p r i c e  aggregates .  
We have seen t h a t  changes i n  c o s t  aggregates  a r e  enua l  t o  t h e  
changes i n  t h e  f u n c t i o n a l ,  a s  shown above. P r i c e  a g g r c g ~ t e s  have 
a l s o  been c a l c u l a t e d ,  and t h e s e  have been compared wi th  t h e  base  
case  p r i c e s  t o  show savings  t o  t h e  consumer. T h i s  i s  covered i n  
T a b l e s  12 t o  1 4 ,  f o r  t h e  v a r i a n t  r e l a t i v e  t o  t h e  base  c a s e ,  and w i l l  
be d i scussed  i n  t h e  nex t  sec t ion .  
( b )  S u b s t i t u t i o n  of Natural  Gas by O i l  ( t h e  v a r i a n t  c a s e )  
I n  t h e  base  case  we allowed v a r i o u s  s u b s t i t u t i o n s  Letween 
energy products .  Thus,  gas  o i l  could rep lace  low sulphur  f u e l  o i l ,  
elid n a t u r a l  gas  h e a t i n g  o i l  up t o  s p e c i f i e d  l i m i t s  i n  c e r t a i n  a r e a s ,  
such a s  Russian g a s  fo- ELF0 ( g a s  o i l )  i n  Germany. however, t h e  
base c a s e  d i d  n o t  f e a t u r e  any i n s t a n c e  of o i l  d i r e c t l y  r e p l a c i n g  
n a t u r a l  gas  i n  t h e  USA. 
The v a r i a n t  i s  a demonstration of t h e  use  of t h e  model t o  find 
t h e  e f f e c t  of changing a  p o l i t i c a l  c o n s t r a i n t .  U p  t o  30% of t h e  
demand f o r  n a t u r a l  g a s ,  i n  :the USA only ,  i s  allowed t o  be rep laced  
by naphtha,  gas  o i l  o r  low sulphur  f u e l  o i l .  We a r e  n o t  concerned 
a s  how t h i s  i s  t o  be accomplished, whether by p r i c e  changes,  l e g i s -  
l a t i o n  o r  o therwise .  I n  f a c t ,  i n  t h e  optimum s o l u t i o n  f o r  t h i s  
v a r i a n t ,  t h e  s u b s t i t u t i o n  of o i l  f o r  gas was no t  pushed t o  t h e  30% 
l i m i t  allowed. O i l  was s u b s t i t u t e d  f o r  gas  only  i n  t h e  US Eas t  
Coast  r e g i o n ,  t h e  amount of gas  demand replaced being 250.7 b i l l i o n  
c u b i c  m e t e r s  o r  23.8% of t h e  t o t a l .  
on t h e  Eas t  Coast  were: 
O i l  P r o d u c t s  Replac ing  Gas 
M i l l i o n  
B/CD 
Gas O i l  3.81 
Low Su lphur  F u e l  
O i l  0.91 
Naphtha - 0.08 
TPTAL 4.80 
D e t a i l s  of t h i s  s u h s t i t u t i o n  
Gas Replaced 
(as FOE) 
M i l l i o n  I3/CD 
.where t h e  t o t a l s  a r e  n o t  i n  ba lance  because of' t l l c  lower  h e a t i n g  
v a l u e s  p e r  b a r r e l  of  t h e  two l i g h t e r  p r o d u c t s ,  r e l a t i v e  t o  FU; 
a l s o  t h e  m a r g i n a l l y  h i g h e r  h e a t i n g  v a l u e  of LS FO r e l a t i v e  t o  
s t a n d a r d  IcO i s  d i s r e g a r d e d .  
I n  o t h e r  p a r t s  of  t h e  wor ld ,  i n c l u d i n g  t h e  o t h e r  two US r e g i o n s ,  
t h e  s u b s t i t u t i o n s  were i n  t h e  a p p o s i t e  d i r e c t i o c ,  w i t h  g a s  r e p l a c i n g  
l i q u i d  t u e l s  a t  t h e  f o l l o w i n g  r a t e s ,  i n  FOE u n i t s .  
U S  C e n t r a l  and Gulf 
U S  West Coast  
Canada, West 
Germany 
I t a l y  
Franc e  
M i l l i o n  B/CD 
3.90 
0 .07  
.0.02 
0.69 
' 0 .39  




The g a s - f o r - o i l  s u b s t i t u t i o n  i n  t h e  US ~ e n t r a l  and Gulf  Coas t  
a r e a  i s  up t o  t h e  maximum l i m i t  a l l o w e d ,  t h e  s o l u t i o n  i n d i c a t i n g  
t h a t  t h e  p e n a l t y  imposed by t h i s  l i m i t  . i s ,  a t  t h e  , na rg in ,  e q u i v a l e n t  
t o  $0.67/bbl FO, and from t h i s  one c a n  i n f e r  t h a t  t h e  s u b s t i t u t i o n  
o f  g a s - f o r - o i l  beyond t h e  p e r m i t t e d  J i m i t  woald s a v e  $G.G7 f o r  e a c h  
b b l  FOE r e p l a c i n g  o i l .  I n  g e n e r a l ,  t h e  i n f e r e n c e  i s  t h a t  i t  pays  
t o  u s e  g a s  n e a r  i t s  s o u r c e ,  b u t  w i t h  i n c r e a s i n g  d i s t a n c e  from t h e  
s o u r c e  it becomes on ly  ecoilomic a s  a  premium f u e l ,  and i t s  u s e  f o r  
non-premium purposes  i s  a waste  o f  r e s o u r c e s .  
World t o t a l s  f o r  t h e  v a r i a n t  r e l a t i v e  t o  t h e  b a s e  c a s e  show.. 
gas  consumption r educed  by 0.96 m i l l i o n  B/CD a s  FOE and c rude  o i l  
i n c r e a s e d  by 0 .73  m i l l i o n  B/CD, g i v i n g  a  n e t  savii lg i n  ene rgy ,  due  
t o  t h e  lower  l o s s e s  on LNG t r a n s p o r t a t i o n  and i n  r e f i n i n g ,  a s  a 
r e s u l t  o f  l e s s  c r a c k i n g .  
Returning t o  Table . 2 ,  we can s e e  f o r  t h e  v a r i a n t ,  r e l a t i v e  t o  
t h e  b a s e ,  t h a t  t h e  world b u i l d s  an a d d i t i o n a l  964,000 B/SD of crude 
d i s t i l l a t i o n  c a p a c i t y ,  717,000 B/SD l e s s  c a t  cracliillg, 510,000 B/SD 
l e s s  hydro-cracking c a p a c i t y ,  and so on. Of p a r t i c u l a r  i n t e r e s t  i s  
t h a t  none of tlie 1,892,000 B/SD SNG capac i ty  of t l ic base case  i s  
now r e q u i r e d ,  and t h e  LNG c a p a c i t y  ( a s  FOE) i s  reclliced by 1 ,072,000 
B/SD o r  23%. From t h e  second p a r t  of t h e  t a b l e ,  covcr ing n c t  capa- 
c i t y  u t i l i s a t i o n ,  t h e  reduc t ion  i n  cat ,craclc ing c a p a c i t y  i s  twice  
a s  pronounced a t  1,425,000 U/SD. The naphtha not  1-cquired f o r  SNG 
product ion can be reformed i n s t e a d ,  r e f l e c t i n g  a d d i t i o n a l  b u i l d i n g  
and x t i l i s a t i o n  of c a t a l y t i c  reforming capaci ty .  
Table  4 shows t h e  e f f e c t  on c a p i t a l  requirement by a r e a .  Thus 
t h e r e  i s  an i n c r e a s e  of $23 m i l l i o n  i n  A u s t r a l i a ,  a decrease  of 
$478 m i l l i o n  i n  t h e  U K and E i r e ,  and so 011, t o  g ive  s r e d u c t i o n  i n  
. t o t a l  r e f i n e r y  investment of $5.6 b i l l i o n  o r  about a  q u a r t e r .  It 
can be seen from t h e  bottom of t h i s  t a b l e  t h a t  more o i l  tanlcrrs  a r e  
needed,adding $3.2 m i l l i o n ,  but  t h i s  i s  more than I~a lnnced  by a  
saving o f  $4.1 b i l l i o n  on LNG c a r r i e r s .  The o v e r a l l  c a p i t a l  r e q u i r e -  
ment i s  reduced by $6.5 b i l l i o n  o r  about 15%. 
. The change i n  t h e  f u n c t i o n a l ,  a s  a l r e a d y  i n d i c a t e d ,  g i v e s  a  
c o s t  saving of $1.986 b i l l i o n  per  y e a r ,  but  t h e  saving i n  real 
r e s o u r c e s  consunled i s  g r e a t e r  than  t h i s ,  because payments f o r  margin- 
a l  crude o i l s  included i n  t h e  f u n c t i o n a l  have i n c r e a s e d .  
We w i l l  now consider  t h e  e f f e c t s  of t h e  v a r i a n t  v e r s u s  t h e  base  
c a s e  on an aggregate  b a s i s ,  i n  terms of t h e  consitmcr's annual b i l l ,  
and t h e  summarised r e s u l t s  f o r  ~ 1 1  a r e a s  a r e  given i n  Table  1 2 ,  wi th  
d e r i v a t i o n s  f o r  f o u r  a r e a s  d e t a i l e d  i n  t h e  two f o l l o ~ i i n g  t a b l e s .  
Thus p e r  Table 13 f o r  Aus t ra l i a  t h e  equ i l ib r ium p r i c e  of 
i n  t h e  base  case  was $2.920/bbl whi le  i n  t h e  v a r i a n t  i t  was $3.22?/bbl 
g i v i n g  a  d i f f e r e n c e  of $0.303/bbl. With the  t o t a l  consumption i n  
b o t h  f i x e d  a t  3,708,000 Bbls/A, t h e r e  i s  a  change of ,%1,l2O1000/A 
i n  t h e  t o t a l  paid  by t h e  consumer i n  A u s t r a l i a  f o r  t h i s  p r o d u c t ,  and 
t h i s  i s  shown n e g a t i v e l y  t o  r e p r e s e n t  a  l o s s  t o  t h e  consumer. T r e a t -  
i n g  each product i n  t h e  same way we f i n d  t h a t  t h e  t o t a l  i n c r e a s e  i n  
t h e  A u s t r a l i a n  consumers' b i l l  f o r  petroleum producLs i s  S6G.18 
m i l l i o n ,  o r  an average of $0.216/bbl. A l l  of t h e  a r e a s  o t h e r  t h a n  
t h e  USA were assessed  i n  t h e  samc way, and somewh:rt i n c o r r e c t l y ,  
by i g n o r i n g  t h e  change i n  products  volumes between t h e  two c a s e s .  
But f o r  t h e  t h r e e  US a r e a s ,  t h e  more exact  c a l c u l a t i o n s  have been 
under taken and a r e  d e t a i l e d  i n  Table  1 4 .  
( c )  Balance of _Payments - (  i n c l .  Shipp.ing) 
I f  we assume t h a t  n a t u r a l  gas  i s  so ld  a t  i ts  c q ~ ~ i l i b r i u r n  p r i c e  
! t h i s ,  of  c o u r s e ,  i s  n o t  t h e  case  a t  present  with p r l c e  r e g u l a t i o n )  
t h e  t o t a l  US wholesale  b i l l  f o r  o i l  products  and n a t u r a l  gas d rops  
by $9.7 b i l l i o n  (Table  1 2 ) .  These f i n d i n g s  a r e  c l e a r l y  r e l e v a n t  t o  
t h e  US balance of payments p o s i t i o n .  F u l l  evaluation of the e f f e c t  
on b a l a n c e  of  payments would r e q u i r e  more d e t a i l e d  i n v e s t i g a t i o n ,  
bu t  t h e s e  r e s u l t s  e s t a b l i s h  t h a t  e f f e c t s  o f  t h e  o r d e r  of  many 
b i l l i o n s  of  d o l l a r s  p e r  annum a r e  p o s s i b l e .  The a g g r e g a t e  e f f e c t  
on p r i c e s  i n  a l l  r e g i o n s  o t h e r  t h a n  t h e  Uni ted  S t a t e s  r e p r e s e n t s  
i n c r e a s e d  paymer~ts by t h e  consumcr amounting t o  sollle $2.1 b i l l i o n  
d o l l a r s  p e r  annum. 
. The e f f e c t  o f  t h i s  v a r i a n t  on s h i p p i n g  i s  impor t an t  f o r  t h e  
o v e r a l l  i l l t e r p r e t a t i o n  of t h e  r e s u l t s .  T h i s  i n f o r m a t i o n  i s  sumniari- 
sed  i n  Tab le  3. Cornpared r i i t h  t h e  base  c a s e ,  t h e  equilibrium 
f r e i g h t  r a t e  from t h e  P e r s i a n  Gulf t o  Rotterdam r i z e s  f o r  s m a l l e r  
v e s s e l s ,  e .g .  from 97.356 t o  130.6% o f  Worldscale f o r  .the under  
25,000 drrt c l a s s .  T o t a l  s h i p b u i l d i n g  i n c r e a s e s  from 96.4 t o  112.6 
m i l l i o n  drut. I t s  composit ion a l s o  changes;  v e s s e l s  i n  t h e  50- 
8C),000 and 80-125,000 dwt c l a s s e s  a r e  nori b u i l t .  The number of  LNG 
s h i p s  b u i l t  d e c r e a s e s  from 96 t o  35. Shipping employed i n  t h e  
p roduc t  t r a d e  r i s e s  from 38.3 t o  51 .9  m i l l i o n  drrt. 
The c o s t  of  t r h n s p o r t i n g  Arabian  L igh t  crude t o  i t s  v a r i o u s  
d e s t i n a t i o n s  i s  i n c r e a s e d .  D e t a i l s  a r e  g iven  i n  T a b l e  15.  For  
example, t o  A u s t r a l i a  t h e  i n c r e a s e  i s  $0.76/tonne1 from #5.07/ton- 
n e  i n  t h e  base  c a s e  t o  $5.83/tonne f o r  t h e  v a r i a n t .  These  changes  
i n  f r e i g h t  r a t e s  a r e  c l o s e l y  c o r r e l a t e d  w i t h  t h e  changes i n  p roduc t  
p r i c e s  i n  d i f f e r e n t  r e g i o n s ,  t h e  l a r g e s t  p r i c e  i n c r e a s c s  b e i n g  
a s s o c i a t e d  wi th  t h e  l a r g e s t  i n c r e a s e  i n  f r e i g h t  r a t c s .  
The o v e r a l l  p i c t u r e  p r e s e x t e d  by  t h e s e  v a r i o u s  c o m p a . r i s o n s ~ i s  
a s  f o l l o w s :  I f  t h e  Uni ted  S t a t e s  u s e s  i t s  gas  n e a r e r  i t s  s o u r c e s ,  
and r e p l a c e s  some gas by a i l  i n  r e g i o n s  more d i s t a n t  from t h e  gas  ! 
s o u r c e s ,  t h e  fo l lowing  e f f e c t s  a r e  brought about .  World c a p i t a l  I 
expend i tu re  i s  s i g n i f i c a n t l y  reduced and t o t a l  r e s o u r c e  u s e  i s  1 
dec reased  by more t h a n  $2 b i l l i o n  p e r  annum. The US d e c r e a s e s  i t s  
t o t a l  wholesa le  b i l l  f o r  g a s  and o i l  p r o d u c t s  by a lmost  $10 b i l l i o n s ,  
b u t  i n  do ing  s o  i t  r e q u i r e s  g r e a t e r  o i l  product  i m p o r t s .  T h i s  i n  
t u r n  r e q u i r e s  more smal l -sh ip  tonnage ,  r a i s i n g  t h e  demand f o r  s m a l l  I 
s h i p s  and hence t h e i r  e q u i l i b r i u m  f r e i g h t  r a t e s ,  and t h i s  i n c r e a s e s  
o i l  p roduc t  p r i c e s  throughout  t h e  r e s t  o f  t h e  world because  o f  p o r t  
r e s t r i c t i o n s  on s h i p  s i z e .  T h i s  and o t h e r  e f f e c t s  r a i s e .  t h e  r e s t  
o f  t h e  Wor ld ' s  wholesa le  o i l  p roduc t  b i l l  by some $2 .1  b i l l i o , i .  
The American consumer i s  b e t t e r  o f f ,  and s o  a r e  t h e  sh ipormers ,  b u t  
_the r e s t  of  t h e  world l o s e s .  
( 5) CONCLUDING REIIARKS I 
Our work 11;s j u s t  begun 'and much more s t u d y  i s  underway. T h i s  
pape r  i s  bu t  an  i l l u s t r a t i o n  o f  one of  t h e  ways o u r  model may be used .  
W h i l s t  t h e  p a p e r  s u s g e s t s  t h a t  t h e  n a t u r a l  gas s e c t o r  of  t h e  USA, and 
indeed  t h e  r e s t  o f  t h e  wor ld ,  could  w e l l  be i n v e s t i g a t e d  a g a i n s t  Illany 
p l a u s i b l e  s c e n a r i o s  i n  t h i s  way t o  de termine  t h e  outcomc o f  p o l i c y  
d e c i s i o n s ,  i t  i s  n o t  sugges ted  t h a t  l e g i s l a t i o n  shou ld  be c o n s i d e r e d  on 
t h i s  one run .  
Having s a i d  t h i s ,  t h e r e  remains one po in t  which can be s t r e s s e d ,  
a  change i n  p o l i c y  can have very s i g n i f i c a n t  e f f e c t s  on r e f i n e r y  
investment p l a n s ,  a f f e c t i n g  both t y p e s  of p rocesses  and l o c a t i o n s .  
A World model i s  needed t o  provide i n p u t  t o  a l low c o r p o r a t i o n s  t o  
p l a n  e f f i c i e n t l y .  
( 1 )  "LINEAR PROGRAMMIiJG I N  WAGEMENT ACCOUNTING" R  J Deam 
The Accountant,  23 September 1967. 
( 2 )  tl\iORCD ENERGY MODELLING : THE DEL'ELOPMENT OF WESTEN EUROPEAN 
4X.L PRICES" By E  R  U , Energy P o l i c y ,  Vol -1, No 1, 
June 1973, p.21-34. 
( 3 )  ItWOFLD ENERGY YODEL: DESCRIPTION AND RESULTSI1. R  J Deam e t  a 1  
paper  presented a t  Workshop on Energy model l icg  
organised by Nat iona l  Science Foundation 'and t h e  
E R  U ,  London, October 1973 and t o  be pub l i shed  
s h o r t l y  a long wi th  t h e  o t h e r  p a p e r s ,  a s  a  s p e c i a l  
i s s u e  by Energy Po l icy .  
(11) llFIRM: A COMPUTER MODEL FOR FINANCIAL PLANNING", R  J Deam, 
J L e a t h e r ,  and J W Benne t t ,  t o  be pub l i shed  
s h o r t l y .  
I. New r e f i n e r y  c a p a c i t i e s  and p l a n t  u t i l i s a t i o n ,  by a r e a ,  base  cnse.  
2. New r e f i n e r y  c a p a c i t i e s  and p l a n t  u t i l i s a t i o n ,  World t o t a l s ,  
f o r  t h e  two cases .  
3. Shipping a n a l y s i s :  Equi l ibr ium f r e i g h t  r a t e s  and new s11ippj.n~ 
tonnages i n  t h e  two cases .  
4. C a p i t a l  expendi tu re ,  t h e  two cases .  
5. Natura l  gas :  Q u a n t i t i e s  and Equi l ibr ium p r i c e s  f o r  t h e  base  
case .  
6. Equi l ibr ium p r i c e s  o f  products(wliolesa1e) f o r  t h e  base  case  
7. O i l  imports  i n t d  the  t h r e e  US a r e a s ,  by t a n k e r  s i z e  f o r  t h e  base  
case .  
8. O i l  Supply and Demand balance of t h e  t h r e e  US a r e a s ,  base  case .  
9. Gas Supply and Demand balance o f  t h e  t h r e e  U S  a r e a s ,  base  cnse .  
XO. Avai lab le  crude o i l  suppl ied i n  1977 and a s s o c i ~ t c c l  q u a l i t i e s  
( g r a v i t i e s  and su lphur  c o n t e n t s ) .  
11. Equi l ib r ium p r i c e s  of crude o i l s  f o r  t h e  two c a s e s ,  a t  o i l  
f i e l d s  
12.  T o t a l s  f o r  t h e  22 a r e a s  ) Effect of changes i n  Equil.ibriurn 
j 
13. D e r i v a t i o n  f o r  A u s t r a l i a  ) p r i c e s  between t h e  two c a s e s  on 
- 1 
14. Der iva t ion  f o r  3 US a r e a s  j t h e  Consurner '~  Annual D i l l .  
















NEW REFINERY CAPACITIES, BY AREAS BASE CASE '000 B/SD 
Unused e x i s t i n g  
AREA 
-
A A u s t r a l i a  
B UK & E i r e  
C Canada @) 
D Canada W) 
E Medit ' n  
F France  
G Germany 
H Benelux 
J Japan  
K Car ibbean  
L S America 
M Mid E a s t  
N s A f r i c a  
P Spa in /Por t  
Q S i b e r i a  
R R u s s i a  
S Scand inav ia  
T I t a l y  
u USEC 
v usigc 
W W A f r i c a  
X US C e n t r a l  
Y S A s i a  
Z S E A s i a  
T o t a l  B u i l t  
Unused C a p a c i j  
c a p a c i t i e s  shown n e g a t i v e l y  
- CDU --  V 3 U  CCU CRC & H/C - H/F - RDS - SNG -- LNG REUS 
-249 3 9 -66 
453 267 331 72 66 1 8  2 
9 8 4 o 35 43 1 8  3 20 
I O U  -40 1 5  6 118  139  
i 0 0  1 9  38 1 2  2 77 1830 
624 440 296 282 6 1  225 
85 2 9 
9 62 198  41 
1515 -922 
346 
-31 34 221 98 20 9 
84 148  1 3 1  20 1609 
-116 -60 -5 1 4  3 6 
2311 711 346 149 . 58 57 681 
258 133  69 3 1  6 
29 -22 29 26 20 20 4 1 
55 
62 1 9  9 -104 
567 102 206 626 38 154 
1938 400 -346 67 330 1211  2771 
416 -536 4 4 16  187 806 582 
211 58 27 3 -5 267 
698 -119 207 -18 1 3  
-4 33 79 1 2  5 1 8  6 
-4 106  23 9 20 89 
-- 
9181. 2902 1817 1673 746 509 1930 104  1892 4656 3603 
- --
-115 -1837 -120 -382 NIL NZL -175 -18 
N e t t  used -----I---- 9066 1065 1697 1291  746 509 1755 86 1892 4656 3603 
-99- 
TABLE 2 
REFINERY CAPACITIES & PLANT UTIL1SATI:ON 
- 
WORLD AGGREGATES BOTH CASES 
(Capac i t i e s  i n  '000 B/SD) - 
NEW CAPACITY NET CAPACITY 
TO BE BUILT UTILISED 
Crude d i s t i l l a t i o n  
.Vacuum d i s t i l l a t i o n  
C a t a l y t i c  craLking 
C a t a 1 y t . i ~  reforming 




S u b s t i t u t e  Nat Gas 
L i q u i f ac t i o n  Nat Gas 





-1571 I 1066 
-717 / 1697 -1425 
Base Case c a p a c i t i e s  i n  Ccl. 3 r ep r e s en t  T o t a l  new p lane  l e s s  
unused capac i ty .  
Variant c a p a c i t i e s  i n  Cols.  2  and 4 a r e  di f fa i -en-es  from t h e  
base ca se ,  wi th  t h e  czpac i t y  r educ t i ons  shown nega t i ve .  
S u b s t i t u t e  Natural  Gas c a p a c i t i e s  expressed i n  terms of Naphtha 
f ced i n p u t  requirement.  
Natural  Gas i n  LNG o p e r a t i o ns ,  a s  Fuel  o i l  equ iva l en t ,  k i t h  
1 bbl  FO = 6.2 mi l l i on  BTU. 
' where no n e w  tonnage i s  c a l l e d  f o r ,  t h e  f i g u r e s  i n  braclrets a r e  
t he  p e n a l t i e s  i n  $/dwt t h a t  would be incur red  by bu i l d ing  
taslkers i n  the  ca t ego r i e s  r e f e r r e d  t o .  
TABLE 3 
SHIPPING ANALYSIS 
EQUILII3RIuP.I F F E I G I I T  RATES & NEW 
\TORT,D SCALE RATES FOR FREIGHT 
( p e r s i a n  Gulf t o  Rotterdam) 
25,000 dwt v e s s e l s  
25-50, 000 I I  
50-80,000 " I I 
80-i2g,ooo !I 
125-2OO,OOO " I I  
200,000 " I I  
NEW TANKER TONNAGE TO 9 G  BUILT d 
( M i l l i o i ~  D 1 ~ )  
25,000 d ~ u t  -"ressels 
25-50,000 [ I  
50-80,000 I I  
80-125,000 " 11 
3.25-aoo,ooo Il I #  
200,000 " ( 1  
Tonnage t o t a l  
TONNAGE USED TO CARRY PRODUCTS 
(Mil l ion DWT) 
25,000 dwt v e s s e l s  
25-50,oao " I t  
5O-80,OOO " I I  
Tonnage t o t a l  
- 
NUMBER OF LNG CARRIERS 
















. - .- - - .
130.6 
113 - 5 
113.1 


























Aus t r a l i a  










Middle East & E Africa 
South Africa 
Spain S Portugal  
Russia,  West 
Russia ,  S ibe r i a  
Scandinavia 
I t a l y  
USA, East Coast 
USA, West Coast 
USA, Cect ra l  & Gulf 
East Africa 
S Asia 
S E Asia 






( a  
$ Mill ion 
-- 7-  
ence 

































QUANTITIES & EQUILIBRIUM PRICES 
Natura l  Gas GAS SUPPLIES ' SUPPLY 






Nether lands  [ 1.7011 1 - 
XTorth Sea (Norway) 0.2 24 1 - 
North Sea !UK) j 0,735 1 - 
-9aki s t an 0.359 0.208 
P e r s i a n  Gulf 1.346 0.816 
Russia  (Western) 9.867 - 
S i b e r i a n  Russia  0.144 0 -093 
U S  Gulf Coast 11.302 - 
Alaska 0.718 - 
Nest Afr ica  0. 359 I - 






equiva len t  
The gas q u a n t i t i e s  have been expressed a s  b b l s  f u e l  o i l  e q u iv a l e n t ,  
r h t h  1 b b l  FO = 6.2 mi l l i o n  BTU. 
TABLE 6 
PRODUCT EQUILIBRIUM PRICES 
$/ PER BBL W h o l e s a l e  B a s i s  BASE CASE 
A u s t r a l  
UK 
E C a n a d a  
W C a n a d a  
M e d i t  
F r a n c e  
Gerrr.any 
B e n e l u x  
J a p a n  
C e n t  Am 
So. Amer  
Mid E a s t  
S A f r i c a  
S p a i n  
S c a n d i n  
I t a l y  
US EC 
U S  wc 
A f r i c a  
U S  Gulf 
S A s i a  




THE THREE U .  S  AREAS OIL SUPI'LY S; DE>lAi\'D 1977 




Domestic p r o d u c t i o n  0.73 
I m p o r t s  - Canada 0 .21  1 - 0 0  
-, R e s t  of  W Fiemi sphc re  
- E Hemisphere 
T o t a l  P rocessed  ( i n c l  domes t i c )  
NATURAL GAS LIQUIDS 
Domestic p r o d u c t i o n  1 .70  
0 .13  
1 . 8 3  
--
T o t a l  Crude & NGL 3 - 6 3  
Cracked s p i r i t  r e t u r n s  0 . 0 1  
TOTAL INPUT TO US REFINERIES 
REPINED PRODUCTS 
- 
G a s  & LPG (FOE) 0.16 
Motor S 2 i r i t :  Domestic Prodn 0.63 
Non-US i m p o r t s  1.67 - 1 0.36 1 2.03 
L i g h t  d i s t i l l a t 6 " - t o  SNG 1.12 
LDF: Domestic p r o d u c t i o n  - 0.02 i : 1 
, Non-US i m p o r t s  0.30 0 .31  1 1 . 3 1  
ATK: Domestic p r o d u c t i o n  - 0.20 ! 0.90 
Non-US i m p o r t s  0.35 
Gas O i l :  Domestic p r o d u c t i o n  
Non-US i m p o r t s  
F u e l  O i l :  Domestic p r o d u c t i o n  0.95 1 - 9 3  
Non-US i m p o r t s  
Bitumen & Coke 
Output  from US r e f i n e r i e s  
Non-US i m p o r t s  ' 3 . 8 6  
7 - 2 9  
T o t a l  Area P roduc t  Demand 
- .  
9.00 
T o t a l  R e f i n e r y  g a s ,  f u e l  & l o s s  
T o t a l  Consumption ( i n c l u d i n g  R e f i n e r y  f u e l & l o s s )  
TABLE 9  
NATURAL GAS SUPPLY Fc DEW11 I3ALANCE 
- 
FOR THE TIIREE U .  S AREAS BASE CASE 
I n  Uni t s  a f  M i l l i o n  B/CD of  Fuel O i l  equivalent  
It i s  assume6 1 b b l  f u e l  o i l  = 6.2 m i l l i o n  BTU. 
Domestic Natural  Gas 
Domestic SNG product ion 
The above de l ivered  q u a n t i t i e s  a r e  a f t e r  t r ansmiss ion ' losses  of 
approximately 5% f o r  p i p c l i n e  gas ,  domestic and Canadian, and 
around 20% f o r  LNG impor t s ,  being lower f o r  t h e  Alaskan LNG th a n  












0  .0 l3  
LN I LNG shi  n:nen&s from Southern 3 
Alaska I - I n ~ p o r t s  by p i p e l i n e  from 








- 1 - Canada 1.393 
Imports of LNG ( ex c l .  
~ l a s k a n :  





T o t a l  Supply = ( T o t a l  dowestic 
demand ) 1 15.254 0.539 
TABLE 1@ 
CRUDE OIL SUPPLIES I N  1977  AVAILABILITIES & BASIC QUALITIES 
AFRICA 
Libya - Es S id e r  
" - Zu e i t i n a  
" - S a r i r  
" - Nafoora (Amna) 
Alger ia  - Arzew 
11 - Hassi  Messaoud 
11 - Z a r z i a i t i n e  
Nigerlan - Light 
11 - Medium 
W Afri  c a ,  Gabon, Mandji 
MIDDLE EAST 
Kuwait Export 
Kuwait N Zone, Khaf j i  
A r a b i ~ a  - Light  
11 - Heavy 
I r a n i a n  - Light  
11 - Heavy 
I r a q  - Basra 
" - IMEG A 
Abu Dhabi - Murban 
11 
- Zakum 
11 - Umm Shai f  
Q a t a r  - Export 
" - Marine 
Oman 
Egypt/El Morgan 
Table  continued o v e r l e a f  
TABLE 10  
(2nd  page) 
CENTRAJ, AMERICA 
-- 
Venezuela - Bachaquero 
- Ofic ina  
- T i a  Juana 
usq 
Bradford,  Pa 
Texas Gulf - Heavy 
11 l1 - Light  
" Eas t  
" West Med 
11 " Sour 
Louis iana 
~ r k a n s a s / M i s s i s s i p p i  
C a l i f o r n i a  Blend 
Alaska South 
CANADA 
IPPL Plixed Sweet 
11 Sour 



















Rainbow 1 197 
Marguer i te  Lake 180 
TABLE 11 
CRUDE OIL EQUILIBRIUM PRICES TIIE TWO CASES 
R e l a t i v e  t o  Arabian Light  crude o i l  @ $ 1 . 9 6 / ~ b l , ~ 0 ~  
A l l  v a l u e s  i n  $/Bbl, a t  source ,  wi th  d i f f e r e n t i a l s  i n  Cents/Bbl. 
AFRICA 
Libya - E s  Sidei-  
. - Brega ' 
" - Z u e i t i n a  
fl - S a r i r  
" - Nafoora (Amna) 
A l g e r i a  Arzew 
II - Hassi  Messaoud 
- Z a r z a i t i n e  
Niger ian Light  
It - Nedium 
W A f r i c a ,  Gabon, Mand ji 
MIDDLE EAST 
Kuwait Export 
-N Zone - Khaf ji  
Arabian Light  
-Heavy 
I r a n i a n  Light  
-Heavy 
I r a q  - Basra 
" - IMEG A 
Ab'u Dhabi - Murban 
II -Zakum 
II . - Umm Sha i f  




S y r i a  
FAR EAST 
Indones ia  - Minis 
A u s t r a l i a  - Gippsland 
CHANGE 
CASE RELATIVE TO CASE BASE CASE 
(I . . )  / . . I  
-0.4 







1 .6  
NIL 
12.7 
( s e e  bottom of ~ a b l ' e )  
1.911 1.907 
( s e e  bottom of Tab le )  
( 'I I 1  I1 11 ) 
( I 1  I1 11 ) 
( I1 11 I, ) 





















- -  - 
USA ( i n c l .  ~ l a s k a )  
- 
Bradford,  Pa 
Texas Gulf - Heavy 
I I  - Ligh t  
fl East  
" West Med 
11 I t  Sour 
Louis iana 
Arkansas/l .I ississippi 
C a l i f o r n i a  Blend 
Alaska,  Sou-th 
CANADA 
IPPL mixed sweet 
II sour  





Venezuela - Bachaquero 
- O f i c i n a  







CASE RELATI VE TO 
For t h e  f i v e  marginal  c rudes ,  given F.O.B. va lues  and maximun a v a i l -  
a b i l i t i e s ,  t h e  computer s o l u t i o n  i n d i c a t e s  how much of t h e ' c r u d e  o i l s  
shoule be l i f t e d .  
Arabian L igh t  
Arabian heavy 
Kuwait expor t  
I r a n i a n  L igh t  
I r a n i a n  Heavy 
4- lo00 B/CD ------b 




















TABLE 1 2  
EFFECT OF CIJANGING EQUILIBRIUPl  P R I C E S  ON CONSUPIER'S ANNUAL B I L L  
V a r i a n t  r e l a t i v e  t o  R a s e  C a s e  
E a s t  C o a s t  ( u )  
C e n t r a l  & G u l f  ( X I  
W e s t  C o a s t  (V) 
USA TOTAL 
A u s t r a l i a  ( A )  
Ziir & E i r e  ( B )  
C a i z a d a  E ( c )  
C a n a d a  V (Dl 
M e d i t e r r a n e a n  ( E )  
France ( F )  
W G e r m a n y  ( G I  
B e n e l u x  ( 1 0  
Japan ( J )  
C e n t  Art, & C a r i b  (K) -148 
South A m e r i c a  ( L )  -1.84 
M i d d l e  E a s t  (MI - 2 9  
South A f r i c a  ( N )  - 2 3  
Spain/Pcr tugal  ( P )  - 71 
Scandinavia ( S )  -144 
I t a l y  (T -231 
W A f r i c a  ( w )  2 
S A s i a  (U) -72 
S E A s i a  (z)  -18 
R e s t  o f  World -2087 
TOTAL 
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K e r  o 
G a s  O i l  
LS F O  
MS F O  
H S  F O  
B i t u m e n  
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T A B L E  
EQUItIBRI'UI.1 FREICk!IT RATES FROM THE PERSIAN GULF 
PER TON 
DESTINATION 
A u s t r a l i a  
UK a n d  E i r e  
C a n a d a  
M e d i t e r r a n e a n  
F r a n c e  
G e r m a n y  
B e n e l u x  
J a p a n  
C a r i b b e a n  
S o u t h  , A m e r i c a  
S o u t h  A f r i c a  
S p a i n  & P o r t u g a l  
S c a n d i n a v i a  
Italy  
USA ( E a s t  C o a s t )  
USA ( W e s t  C o a s t )  
W 3 s t  A f r i c a  
USA ( c e n t r a l )  
S Aaia 








M r .  K r y m m  ( I A E A )  had two ques t ions .  F i r s t ,  he asked 
whether he had understood c o r r e c t l y  t h a t  t h e  demand f o r  d i f -  
f e r e n t  o i l  products  is  t r e a t e d  exogenously and whether t h e  
model c a l c u l a t e s  t h e  r a t i o s  of p r i c e s  f o r  d i f f e r e n t  p roduc t s  
depending on t h e  p r i c e  of crude o i l .  F i n a l l y ,  he asked how 
t h e  i n c r e a s i n g  p r i c e  of crude o i l  changed t h e  r e s u l t s .  
M r .  Deam r e p l i e d  t h a t  he had t h e  f i r s t  p o i n t  r i g h t ,  and r e f -  
f e r r i n g  t o  t h e  second ques t ion ,  he s a i d  t h a t  t h e r e  a r e  one 
o r  two t h i n g s  which a r e  p o l i t i c a l l y  t o o  s e n s i t i v e  t o  be 
repor ted  a s  y e t .  
M r .  Manne (IIASA) had one comment on t h e  methodology 
concerning t h e  appropr ia teness  of  d i f f e r e n t  degrees  of geo- 
g r a p h i c a l  d e t a i l  f o r  d i f f e r e n t  p lanning hor izons .  He remarked 
t h a t  it sounded t o  him a s  though t h e  model is  a  very a p p r o p r i a t e  
one f o r  a  f ive-year-ahead type of  p lann ing ,  and t h a t  M r .  Deam 
himself  had agreed t h a t  t h i s  i s  probably n o t  t h e  kind of model 
he would want f o r  1985 o r  beyond. I t  i s  t r u e  t h a t  one does n o t  
have t o  make vacuum d i s t i l l a t i o n  d e c i s i o n s  f o r  1985 now, b u t  
one does have t o  make nuc lea r  power p l a n t  d e c i s i o n s  which a r e  
long-term investment d e c i s i o n s .  Then he s t r e s s e d  t h a t  he 
wondered whether t h i s  does n o t  go back t o  t h e  very important  
i n i t i a l  ques t ion  r a i s e d  by M r .  Deam dur ing h i s  p r e s e n t a t i o n ,  
namely which f a v o r i t e  l o c a t i o n  i n  t h e  world should be chosen 
a s  t h e  wor ld ' s  marginai  sources  of crude supply .  Furthermore,  he 
s a i d  t h a t ,  i n  a d d i t i o n  t o  t h e  Arabian pen insu la ,  he can nomi- 
n a t e  a  p l a c e  f o r  s h a l e  o i l  s u p p l i e s  somewhere i n  t h e  Rocky 
Mountains and t h a t  t h i s ,  a t  a  p r i c e  of $10 pe r  b a r r e l ,  may 
be another  kind of marginal  source .  He s a i d  a l s o  t h a t  one 
does n o t  need t o  do much more than  a  back-of-the-envelope 
conclus ion t o  s e e  t h a t  a  p r i c e  of $10 i s  i r r a t i o n a l  i f  one 
can buy i n f i n i t e  amounts of o i l  wi th  a  p r i c e  of $2 per  b a r r e l ,  
b u t  t h a t  it is n o t  i r r a t i o n a l  t o  bu i ld  nuc lea r  power p l a n t s .  
M r .  Deam r e p l i e d  t h a t  t h e r e  a r e  two t h i n g s  he can p ick  o u t .  
F i r s t ,  he s a i d  t h a t  he does n o t  t h i n k  about  what t h e  nex t  
source  of  marginal  crude is ;  it may w e l l  be a v a i l a b l e .  
F i n a l l y ,  he noted t h a t  t h e r e  i s  no p o i n t  i n  arguing about  
p r e s e n t i n g  i d e a s  f o r  t h e  yea r  2000; t h e  on ly  t h i n g  he w o r r i e s  
about  f o r  t h e  yea r  2000 is  t h a t  he probably has  n o t  g o t  t h e  
o p t i o n s  and t h a t  he does n o t  know a l l  about  t h e  technology.  
M r .  Manne then  asked why he d i d  n o t  inc lude  s h a l e  o i l  where 
one has  a  technology f o r  supplying crude.  M r .  Deam r e p l i e d  
t h a t  many people i n  t h e  o i l  i n d u s t r y  do n o t  approve of t h i s  
approach.  He mentioned f u r t h e r  t h a t  one can ,  of  course ,  con- 
s i d e r  s h a l e  and t a r s a n d s ,  e t c . ,  and t r y  t o  l o c a t e  t h e  nex t  source  
of crude wi th  t h e  model, bu t  t h e  marginal  weak i n  t h e  world 
i s  t h a t  it i s  a  very t r a n s i t o r y  s i tuat ion--and t h e  energy 
world is determined by a  t r a n s i t o r y  s i t u a t i o n .  One does  n o t  
have t h e  knowledge of how long t h e  l i g h t  Arabian f u e l  w i l l  
l a s t .  F i n a l l y ,  he noted  t h a t  r e a l  energy d e b a t e  is l o c a t i n g  
t h e  marginal  source  o f  energy;  t h u s  t h e  main problem i s  when 
t h i s  model beg ins  t o  s o r t  t h o s e  q u e s t i o n s .  
INTERFUEL SUBSTITUTION AND TECHNOLOGICAL CHANGE* 
Kenneth C. Hoffman and Ellen A. Cherniavsky 
A b e t r a c t  
The t r e n d  t o w a r d s  i n c r e a s e d  e l e c t r i f i c a t i o n  o f  t h e  U n i t e d  
' S t a t e s '  e n e r g y  s y s t e m  h a s  b e e n  d r i v e n  l a r g e l y  b y  t h e  v e r y  r a p i d  
g r o w t h  o f  e n e r g y  demand s e c t o r s  s u c h  a s  a i r - c o n d i t i o n i n g ,  i n d u s -  
t r i a l  d r i v e ,  a n d  r e s i d e n t i a l  and  commerc i a l  a p p l i a n c e s .  The 
g o a l  o f  t h e  U n i t e d  S t a t e s  t o  become more s e l f - s u f f i c i e n t  i n  
e n e r g y  c o u l d  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  c o n t i n u a t i o n  o f  
t h i s  t r e n d .  One possible s e l f - s u f f i c i e n c y  s t r a t e g y  i n v o l v e s  
g e n e r a t i n g  i n c r e a s e d  amounts  o f  e l e c t r i c i t y  f rom c o a l  and 
n u c l e a r  f u e l  to  s u b s t i t u t e  f o r  o i l  a n d  g a s .  T e c h n o l o g i c a l  
c h a n g e  i n  e n d  u s e  s e c t o r s  i n v o l v i n g  t h e  e l e c t r i c  a u t o m o b i l e  
a n d  t h e  u s e  o f  e y n t h e t i c  f u e l s  d e r i v e d  f rom o f f - p e a k  e l e c t r i c  
power c a n  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  f e a s i b i l i t y  o f  t h i s  
s t r a t e g y .  
The f e a s i b l e  r a n g e  o f  p a r t i t i o n  o f  t h e  e n e r g y  s y s t e m  
b e tween  e l e c t r i c  a n d  n o n - e l e c t r i c  e n e r g y  fo rms  a r e  e v a l u a t e d  
i n  a  q u a n t i t a t i v e  manner  u s i n g  a  l i n e a r  programming model .  
Ranges  o f  s u b s t i t u t i o n  o f  e l e c t r i c  e n e r g y  f o r  n o n - e l e c t r i c  
e n e r g y  form4 a r e  d e t e r m i n e d  f o r  t h e  y e a r s  1985  and  2000 a n d  
t h e  i m p l i c a t i o n s  a r e  e v a l u a t e d  i n  terms o f  r e s o u r c e  uaage, 
cost, a n d  e m i s s i o n s  o f  a i r  p o l l u t a n t s .  
Work p e r f o m d  under  the ausp i ce s  o f  the U.S. A t d c  hergy 
Ccnmiss im f o r  p r e s e n t a t i m  a t  the hergy wel l ing  Conference,  
International Inst i tute f o r  Applied Systems Analys i s ,  A u s t r i a ,  May 1974. 
INT RODUCTION 
I n  1 x 0  t h e  U n i t e d  S t a t e s  consun~cd  16.6% o f  i t s  e n e r g y  
r e s o u r c e s  for t h e  p r o d u c t i o n  o f  e l e c t r i c a l  e n e r g y .  Over  t h e  
l a s t  d e c a d e ,  t h e  a n n u a l  g rowth  r a t c  i n  t h e  e l e c t r i c  s e c t o r  
was  a ro un d  7%. a b o u t  t w i c e  t h e  l eve l .  o f  g rowth  i n  t o t a l  e n e r g y  
r e s o u r c e  c o n s u m p t i o n ,  and  b y  1969 t h i s  s e c t o r  account -ed  f o r  
a b o u t  21.7% o f  a l l  e n e r g y  r e s o u r c e s  cons:.~nlcd. Much o f  t h i s  
t r e n d  t o w a r d s  i n c r e a s e d  e l e c t r i f i c a t i o n  i s  a t t r i b u t a b l e  t o  
i n c r e a s e d  demand i n  e nd  u s e  s e c t o r s  t h a t  a r e  v i r t u a l l y  t o t a l l y  
d e p e n d e n t  on  e l e c t r i c a l  e n e r g y ,  such  a s  a i r  c o n d i t i o n i n g ,  
r e s i d e n t i a l  a nd  c omme rc i a l  l i g h t i n g  and  a p p l i a n c e s ,  and  i n -  
c r e a s e d  m e c h a n i z a t i o n  i n  i n d u s t r y  u s i n g  e l e c t r i c  mo to r  d r i v e .  
The fu t 9 - l r e  t r e n d  i n  t h e  p a r t i t i o n  o f  t h e  e n e r g y  s y s t e m  
b e t we e n  e l e c t r i c  and  n o n - e l e c t r i c  s e c o n d a r y  e n e r g y  forms  w i l l  
d e p e n d  i n  p a r t  o n  t h e  r e l a t i v e  g rowth  i n  v a r i o u s  end  u s e  s e c -  
t o r s .  b u t  'will a l s o  b e  i n f l u e n c e d  g r e a t l y  b y  n a t i o n a l  p o l i c i e s  
a n d  t e c h n o l o g i c a l  c ha ng e .  The  p e n e t r a t i o n  o f  s u c h  t e c h n o l o n i e s  
as  e l e c t r i c  a u t o m o b i l e s ,  hyd rogen  and  hyd rogen  b a s e d  s y n t h e t i c  
f u e l s  f o r  m o b i l e  a n d  s t a t i o n a r y  a p p l i c a t i o n s ,  and  f u e l  c,ells 
would  c o n t r i b u t e  t o  e v e n  g r e a t e r  l e v e l s  o f  e l e c t r i f i c a t i o n  
t h a n  a r e  now e v i d e n t .  F u r t h e r ,  e l e c t r i c a l  e n e r g y  may be sub -  
s t i t u t e d  w i t h  e x i s t i n g  t e c l ~ n o l o g i e s  i n  s e v e r a l  end  u s e  c a t e -  
g o r i e s  t h a t  a r e  now s e r v e d  p r e d o m i n a n t l y  b y  f o s s i l  f u e l s  u s e d  
d i r e c t l y .  Space heating and indus t r i a l  process heat are  
prime examples of such categories.  
The ro le  of the e l e c t r i c  sector i n  the United s t a t e s '  
energy system i s  an extremely important policy issue a s  the 
nation s t r i v e s  t o  be more se l f - su f f i c i en t  l n  energy resources. 
The abundant domestic resources of c o a l ,  nuclear f u e l ,  and 
geothermal energy a re  a t  present bes t  employed for thc produc- 
t ion  of e l e c t r i c i t y  and, i n  the near term. can contribute t o  
se l f -suff ic iency only i f  e l e c t r i c a l  energy i s  subst i tu ted  for 
imported o i l  and gas. In the longer term-, the development of 
economical coal  gas i f i ca t ion  and l iquefaction processes and 
the d i r e c t  use of nuclear heat  for chemical processes w i l l  
provide a  non-electr ic a l t e rna t ive .  
An analys is  has been performed t o  determine the feas ib le  
range of p a r t i t i o n  of the energy system between e l e c t r i c  and 
non-electr ic energy forms and the  spec i f i c  technological 
changes and in te r fue l  subst i tu t ions  t h a t  can a f f e c t  t h a t  pai -  
t i t i o n .  The analys is  employed a  l inear  programming model of 
the  energy system, described i n  the following sect ion,  tha t  
includes e x p l i c i t  technological d e t a i l  and the r e l a t i v e  e f f i c -  
iencies  of various energy forms tha t  may be applied t o  s p k i f i c  
end uses. The load s t ruc tu re  of the end use ca tegor ies  tha t  
may be e l e c t r i f i e d  i s  a l so  ref lec ted in the  model. The t o t a l  
a n n u a l  c o s t  and  e m i s s i o n s  oE a l t e r n a t i v e  p a r t i t i o n  c o n f i g u r a -  
t i o n s  a r e  d i s c u s s e d  i n  a  l a t e r  s e c t i o n  o f  t h i s  r e p o r t .  
DESCRIPTION OF ANALYTICAL MODEL 
A l i n e a r  p r o g r a m i n g  model  o f  t h e  U.S. e n e r g y  s y s t e m  ( 1 )  
i s  u s e d  a s  t h e  b a s i c  a n a l y t i c a l  t e c h n i q u e  i n  t h i s  s t u d y .  The 
model  i n c l u d e s  p r o v i s i o n  f o r  t h e  f u l l  r a n g e  o f  i n t e r f u e l  s u b -  
s t i t u t i o n ,  i n c l u d i n g  s u b s t i t u t i o n  b e t w e e n  e l e c t r i c  a n d  non- 
e l e c t r i c  e n e r g y  f o r m s .  I t  e n c o m p a s s e s  t h e  e n t i r e  e n e r g y  s y s -  
t e m  i n c l u d i n g  a l l  r e s o u r c e s  and  demand s e c t o r s .  S i n c e  t h e  
r a n g e  o f  i n t e r f u e l  s u b s t i t u t a b i l i t y  t h a t  i s  f e a s i b l e  d e p e n d s  
o n  t h e  s u p p l y  and  u t i l i z a t i o n  t e c h n o l o g i e s  t h a t  a r e  a v a i l a b l e ,  
t h e  model  i s  c o n s t r u c t e d  a r o u n d  t h e  c h a r a c t e r i s t i c s  o f  t h e s e  
t e c h n o l o g i e s .  The t e c h n o l o g y  r e l a t e d  p a r a m e t e r s  t h a t  a p p e a r  
e x p l i c i t l y  i n  t h e  n o d e l  a r e  t h e  e f f i c i e n c i e s  o f  e n e r g y  c o n v e r -  
s i o n ,  d e l i v e r y ,  a n d  u t i l i z a t i o n  d e v i c e s :  t h e  e m i s s i o n s  p r o d u c e d  
b y  t h e  d e v i c e s :  a n 3  t h e i r  c o s t .  The  i n t e n t  i n  e s t a b ' i s h i n g  t h e  
s c o p e  o f  t h e  m o d e l  i s  t o  i n c l u d e  t h e  t e c h n i c a l  e l e m e n t s  t h a t  
are f e l t  t o  b e  o f  m a j o r  i m p o r t a n c e  i n  a  f ramework  t h a t  i s  a s  
s i m p l e  a s  p o s s i b l e .  S i m p l i c i t y  i s  a  r e q u i r e m e n t  i f  a l l  assump- 
t i o n s  a r e  t o  b e  e v i d e n t  a n d  t h e  r e s u l t s  e a s i l y  i n t e r p r e t e d .  
The  e n e r g y  s y s t e m  may b e  r e p r e s e n t e d  i n  a  n e t w o r k  f o r m a t  
as shown i n  F i g u r e  1. The  n e t w o r k  i n  t h i s  c a s e  i s  q u a n t i f i e d  
with a  s e t  of pro jec ted  energy flows fo r  the  year 1985 from 
a l t e r n a t e  resources through the  var ious  energy conversion and 
d e l i v e r y  a c t i v i t i e s  t o  s p e c i f i c  end uses.  Each l i n k  In  the  
network r ep re sen t s  a  process o r  mix of  processes used f o r  a  
given a c t i v i t y ,  such a s  t he  r e f i n i n g  of crude o i l .  Cos t ,  
e f f i c i e n c y  and emission c o e f f i c i e n t s  may be assoc ia ted  with 
each l i n k .  The energy flows ind i ca t ed  i n  Figure 1 r e f l e c t  the. 
t e chn ica l  e f f i c i e n c i e s  of t h e  i nd iv idua l  processes and thus  
t he  flows decrease progress ive ly  through the  network. The 
p ro j ec t ed  energy flows correspond t o  s eve ra l  p ro j ec t ions  t h a t  
had been prepared (2,3) e a r l i e r  t o  i n d i c a t e  t he  degree of 
r e l i a n c e  on imported f u e l s  t h a t  might r e s u l t  un less  ac t i on  
were taken t o  move toward se l f - su f f i c i ency .  This  e a r l i e r  pro- 
j ec t i on  w i l l  be used i n  t h i s  s tudy a s  a  Base Case, o r  po in t  of  
depa r tu re .  f o r  t h e  development of a l t e r n a t i v e  conf igura t ions .  
The l i n k s  shown i n  t he  n e t m r k  diagram r e f l e c t  on ly  e x i s t i n g  
t e c h ~ n l o g i e s .  Using the  l i n e a r  programming model, a l t e r n a t i v e  
energy flows a r e  determined which employ new technologies  and 
which a l s o  involve the  s u b s t i t u t i o n  of domestic resources  t o  
repl.ace imported o i l  and gas.  
The model determines the opt imal  energy flows wi th in  t he  
energy demand and resource supply c o n s t r a i n t s  t h a t  a r e  appl ied  
f o r  a  p a r t i c u l a r  ana lys i s .  The output  of the  a n a l y s i s  includes 
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ENERGY SYSTEM NETWORK (1985 CASE 1) 
Figure 1 
the t o t a l  annual cost  of service and an inventory of emissions 
t o  the environment associated with q given energy flow solu- 
- t ion.  Examination of the energy demand sec to r s  a t  the r igh t -  
hand s ide  of the network indicates  the degree of disaggregation 
included i n  the analys is .  The subst i tu t ion p o s s i b i l i t i e s  are 
dependent on these functional  end uses and are qu i t e  d i f fe ren t  
between the air-condit ioning,  automotive. and process heat  
ca tegor ies ,  for  example. The load-duration s t ruc tu re  of e lec-  
t r i c a l  demands i s  a l so  ref lec ted i n  the model since the type 
of e l e c t r i c  generating equipment employed i s  dependent on the 
port ion of the load curve tha t  it i s  t o  operate on. This i s  
an important consideration i n  subst i tu t ing e l e c t r i c  energy 
for  other fue l s  in  such categories as  space heating and t rans-  
portat ion where there a r e  s ign i f i can t  peak dcmahds. 
The optimization of the energy system i s  performed with 
respect  to cos t  and the object ive  i s  to  minimize the cos t  of 
se rv ice ,  subject  t o  pol icy ,  economic, and other cons t ra in t s  
t h a t  may be represented in  the object ive  function and con- 
s t r a i n t  equations. Amortized c a p i t a l  c o s t s ,  fue l  cos t s ,  and 
other  operating cos t s  a r e  included. A fixed charge r a t e  of  
15% i s  used for  c a p i t a l  cos ts .  Additional cons t ra in t s  a re  
included to' r e f l e c t  exis t ing systems tha t  would not be replaced 
and t o  specify ce r t a in  f u e l  uses t h a t  w i l l  probably occur for 
s p e c i a l  r e a s o n s ,  such a s  r e g i o n a l  v i a b i l i t y .  t h a t  a r e  n o t  
r e f l e c t e d  i n  an o v e r a l l  c o s t  o p t i m i z a t i o n  o f  t h e  U . S .  e n e r g y  
sys tem.  
The t e c h n i c a l  e f f i c i e n c i e s  and e n v i r o n m e n t a l  c o e f f i c i e n t s  
used  i n  t h e  a n a l y s i s  a r e  t a k e n  from r e c e n t  s t u d i e s  performed 
f o r  t h e  C o u n c i l  on  Environmental .  Q u a l i t y  ( 4 )  and by t h e  Env i r -  
onmen ta l  P r o t e c t i o n  Agency ( 5 ) .  The b a s i c  f u e l  c o s t s  used  i n  
t h e  a n a l y s i s  a r e  summarized below.  The o u t p u t  o f  t h e  a n a l y s i s  
i n c l u d e s  t h e  s e n s i t i v i t y  i n f o r m a t i o n  t h a t  i s  needed t o  judge  
t h e  e f f e c t  o f  p r i c e  changes  f o r  a g i v e n  f u e l  on  t h e  o p t i m a l  
a l l o c a t i o n  o f  e n e r g y  s u p p l i e s .  S e r l s i t i v i t y  i n f o r m a t i o n  i s  
a l s o  deve loped  c o n c e r n i n g  t h e  e f f e c t  o f  changes  i n  t h e  e f f i c -  
i e n c y  o f  e n e r g y  c o n v e r s i o n  t e c h n o l o g i e s .  
FUEL COSTS (1970 d o l l a r s )  
C o a l  9.04 $ / m e t r i c  t o n  (8 .20  $ / t o n )  
Oi 1 6.50 $ / b a r r e l  (6.50 $ / b a r r e l )  
N a t u r a l  Gas 15 .20 $ / lo00  M~ (0 .43  $ / 1 0 3 f t 3 )  
Nuc lea r  F u e l  0.19 $ / lo9  j o u l e s  (0 .20  $ / lo6  Btu)  
The l i n e a r  programming methodology i s  r i c h  i n  econon ic  
i n t e r p r e t a t i o n .  Of p a r t i c u l a r  i n t e r e s t  i s  t h e  m a r g i n a l  v a l u e  
or  "shadow p r i c e "  o f  s c a r c e r e s o u r c e s  i n  a  g i v e n  s o l u t i o n .  
These  r e p r e s e n t  t h e  u n i t  change i n  overa l .1  c o s t  o f  t h e  sys t em 
r e s u l t i n g  from a  u n i t  change i n  a v a i l a b i l i t y  o f  g i v e n  r e s o u r c e s .  
They a r e  dependen t  on  t h e  c o s t  d i f f e r e n t i a l  be tween t h e  s c a r c e  
resource  and a more c o s t l y  bu t  abundant s u b s t i t u t e  a s  wel l  a s  on 
t he  r e l a t i v e  t e chn i ca l  e f f i c i e n c i e s  of t he  a l t e r n a t i v e s .  The 
nhadow p r i c e s  provide a measure of t he  economic equi l ib r ium 
of  t he  system i n  terms of a  comparison 3f  t he  c o s t  of expand- 
i ng  capac i t y  of a  given type with t he  value of t h a t  a d d i t i o n a l  
capac i ty .  They may a l s o  be used t o  a s s e s s  t he  s t r u c t u r a l  
changes t h a t  might occur i n  response t o  changes i n  economic 
va lues  assumed i n  a given a n a l y s i s .  The output  f o r  a  given 
a n a l y s i s  a l s o  provides an ex t ens ive  s tudy of t he  range of c o s t  
and e f f i c i e n c y  over  which given technologies  a r e  competi t ive.  
For purposes of c l a r i t y  and b r e v i t y ,  tiowever. on ly  t he  primary 
ou tpu t  of t he  ana:yses i s  presented i n  t h i s  paper.  
SUMMARY 
The inf luence  of i n t e r f u e l  s u b s t i t u t i o n  i n  s p e c i f i c  end 
uses  and of  technologica l  change on t he  p a r t i t i o n  of t he  energy 
system between e l e c t r i c  and non -e l ec t r i c  energy forms was 
determined i n  two s e r i e s  of computer runs  performed f o r  t h e  
yea r s  1985 and 2000. The b a s i c  energy requirements  of t he  
Reference Energy Systems ( 3 )  were used For these  ana lyses .  
The range over which t he  p a r t i t i o n  colild vary was determined 
by varying t he  q u a n t i t y  of petroleum t h a t  was a v a i l a b l e  and 
fo r c ing  t he  s u b s t i t u t i o n  of e l e c t r i c  power generated i n  coa l -  
f i r e d  a n d  n u c l e a r  power p l a n t s .  T h e s e  s u b s t i t u t i o n s  a r e  o f  
p a r t i c u l a r  i n t e r e s t  b e c a u s e  o f  t h e i r  r e l e v a n c e  t o  i n c r e a s e d  
s e l f - s u f f i c i e n c y .  The minimum e l e c t r i f i c a t i o n  c a s e  i n  e a c h  
s t u d y  y e a r  c o r r e s p o n d e d  t o  t h e  a l l o w a n c e  o f  u n l i m i t e d  o i l  
i m p o r t s .  
The new t e c h n o l o g i e s  t h a t  a r e  c o n s i d e r e d  i n  t h i s  series 
of a n a l y s e s  a r e  
-- h y d r o g e n  p r o d u c e d  e l e c t r o l y t i c a l l y  w i t h  o f f - p e a k  power  
-- f u e l  c e l l s  f o r  p e a k i n g  u s e ,  a n d  
-- e l e c t r i c  a u t o m o b i l e s  f o r  l i r n i t e d  u r b a n  u s e .  
L i m i t e d  i m p l e m e n t a t i o n  o f  c o a l  g a s i f i c a t i o n  was  a l l o w e d  
i n  b o t h  1 9 8 5  a n d  2000;  h o w e v e r .  c o a l  l i q u e f a c t i o n  t e c h n o l o g y  
w a s  e x c l u d e d .  T h i s  t e c h n o l o g y  would  p r o v i d e  a n  a l t e r n a t i v e  
s o u r c e  o f  l i q u i d  f u e l s  t o  t h e  t r a n s w r t a t i o n  s e c t o r  a n d  w o u l d  
a l l o w  t h e  minimum e l e c t r i f i c a t i o n  c a s e s  t o  be a t t a i n e d  w i t h  
l o w e r  l e v e l s  o f  o i l  i m p o r t s .  
The  r a n g e  o v e r  which  t h e  p a r t i t i o n  o f  t h e  e n e r g y  s y s t e m  
may v a r y  i s  i l l u s t r a t e d  i n  F i g u r e  .2 w h e r e  t h e  r e s o u r c e  consump- 
t i o n  f o r  e l e c t r i c  g e n e r a t i o n  i s  p l o t t . e d  a g a i n s t  t h e  r e s o u r c e  
c o n s u m p t i o n  f o r  n o n - e l e c t r i c  u s e r s ,  b o t h  i n  u n i t s  o f  a n n u a l  
t e r r a w a t t s  t h e r m a l  lTWthl w h e r e  l TW-year = 29 .9  x  1 0 1 5  B t u .  
The f o r  1 9 6 9 ,  when 21.7% o f  t h e  e n e r g y  r e s o u r c e s  w e r e  
consumed f o r  elec t r ic  g e n e r a t i o n ,  i s  g i v e n  f o r  r e f e r e n c e  
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purposes. I t  may be seen tha t  for  1985 the pa r t i t ion  may 
range from 31.7% resources consumption for the e l e c t r i c  
sector up to  43.1%, while i n  the year 2000 the range i s  41.5% 
t o  57.5%. Thus, even the minimum e l e c t r i f i c a t i o n  cases fo r  
those years indicate  continued growth of the e l e c t r i c  sector  
a t  a  more rapid r a t e  than the non-electr ic sector .  
The range of v a r i a b i l i t y  increases for the year 2000, of 
course, due t o  the longer lead time avai lable  for  such funda- 
mental s h i f t s  to  occur. The minimurrt  e l e c t r i f i c a t i o n  case i n  
each period i s  based on the a v a i l a b i l i t y  of unlimited quan t i t i e s  
of imported o i l .  As the o i l  supply i s  constrained,  forcing 
increased e l e c t r i f i c a t i o n ,  the cost  increases and the t o t a l  
resource consumption increases.  Specific cases considered 
a r e  represented by the data on the curves and the subs t i tu t ions  
and new tecfinologies involved in  each case a r e  discussed below. 
The c o s t ,  resource consumption, and emissions corresponding 
t o  each case for  1985 and 2000 a r e  given i n  Tables I through I V .  
I t  must be pointed out tha t  the version of the l inea r  
programing model used i n  t h i s  analysis  did not incorporate 
supply or  demand e l a s t i c i t i e s .  Other fue l s  may be subst i tu ted  
a t  d i f f e r e n t  e f f i c i enc ies  a s  r e l a t i v e  p r i ces  change. The t o t a l  
resource consumption can vary but  the bas ic  energy demand t o  
be s a t i s f i e d  ( e - g . ,  number of passenger miles of automobile 
a n d  a i r c r a f t  t r a v e l ,  s q u a r e  f e e t  o f  l i v i n g  s p a c e  t o  b e  h e a t e d  
and  c o o l e d )  r e m a i n s  t h e  same. One would  e x p e c t  some c h a n g e s  
i n  t h e s e  p a r a m e t e r s  d u e  to  s u b s t i t u t i o n  o f  o t h e r  a c t i v i t i e s  
a s  p r i c e s  c h a n ge .  A l t h ough  s u c h  c h a n g e s  a r e  n o t  c o n s i d e r e d  
i n  t h e  mo de l ,  c o n s i d e r a t i o n  o f  t h e  c h a n g e s  i n  t h e  m a r g i n a l  
cost o f  s e r v i n g  s p e c i f i c  demand s e c t o r s  would  i n d i c a t e  whe re  
c h a n g e s  i n  t h e  l e v e l  o f  b a s i c  e n e r g y  demand would  b e  g r e a t e s t .  
T a b l e  V a n d  V I  i n d i c a t e ,  f o r  t h e  y e a r s  1 9 8 5  and  2000 r e s p e c -  
t i v e l y ,  t h e  c h a n g e s  i n  m a r g i n a l  c o s t  f o r  e a c h  demand s e c t o r  
r e l a t i v e  t o  t h e  cost i n  t h e  minimum e l e c t r i f i c a t i o n  c a s e .  
E x a m i n a t i o n  o f  T a b l e  V i n d i c a t e s ,  f o r  e x a m p l e ,  t h a t  t h e  c o s t  
o f  i n p u t  e n e r g y  w i l l  c h a n g e  most d r a s t i c a l l y  f o r  t h e  p e t r o -  
c h e m i c a l  a n d  a i r  t r a n s p o r t  demand sectors. F u r t h e r  a n a l y s i s  
o f  t h e  i m p a c t  o f  t h e s e  c o s t  c h a n g e s  o n  t h e  cost o f  a n d ,  i n  
t u r n ,  o n  t h e  demand f o r  t h e  p r o d u c t  and  s e r v i c e  i s  r e q u i r e d .  
T h e s e  e f f e c t s  may b e  r e p r e s e n t e d  b y  a  demand e l a s t i c i t y ,  which  
w i l l  b e  i n c o r p o r a t e d  i n  a  f u t u r e  v e r s i o n  o f  t h e  mode l .  
The  d e t a i l e d  r e s u l t s  o f  t h e  a n a l y s e s  and  t h e  a s s u m p t i o n s  
made a r e  d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  
YEAR 1985 ANALYSIS 
C o a l  and  n u c l e a r  f u e l  we re  p r e f e r r e d  f o r  b a s e  a n d  i n t e r -  
m e d i a t e  l o a d  s e r v i c e  i n  t h e  1985  r u n s ;  h o w e v e r ,  some o i l  
1 5  (5 . 15  x 1 0  B t u )  a n d  g a s  (3 .45  x 1015  R t u )  u s e  f o r  c e n t r a l  
e t a t i o n  electr ic  g e n e r a t i o n  wae s p e c i f i e d  exogenously. T h i a  
s p e c i f i c a t i o n  i s  b a s e d  o n  e n v i r o n m e n t a l  c o n s i d e r a t i o n s  wh'ich 
w i l l  d i c t a t e  t h e  u s e  o f  t h e s e  c l e a n  f u e l s  i n  some u r b a n  a r e - a s  
i n  p l a n t s  t h a t  a r e  i n  o p e r a t i o n  now a n d  would  n o t  be r e t i r e d  
p r e m a t u r e l y .  
O f f - p e a k  u s e s  o f  e l e c t r i c a l  e n e r g y  w e r e  c o n s t r a i n e d  to 
t h e  p o i n t  t h a t  a t  l e a s t  h a l f  t h e  p e a k  power demand h a d  t o  be 
m e t  L i t h  p e a k i n g  d e v i c e s  s u c h  a s  g a s  t u r b i n e s ,  pumped s t o r a g e  
a n d  h y d r o g e n  f u e l  cel ls .  The  l a t t e r  two c o n c e p t s  u s e d  o f f -  
p e a k  p o w e r ,  a s  d i d  t h e  e l e c t r i c  c a r ,  w h i c h  w a s  i n t r o d u c e d  to  
a  l i m i t e d  e x t e n t  i n  a l l  t h e  1 9 8 5  r u n s .  The LWR c o n s t r a i n t  
w a s  set a t  1 5 . 0  x 1 0 1 5  B t u  i n p u t  a n d  c o a l  s t e a m  electr ic  
c a p a c i t y  was  t a k e n  t o  be t h e  m a r g i n a l  s u p p l i e r .  T o t a l  c o a l  
6  
u s e  was  c o n s t r a i n e d  a t  a  v e r y  h i g h  l e v e l ,  1 0 0 0  x 1 0  t o n s :  
h o w e v e r ,  n o  more  t h a n  1 5 0 0  x lo6 t o n s  w a s  u s e d  i n  a n y  c a s e .  
C o a l  c o u l d  be b u r n e d  d i r e c t l y  f o r  p r o c e s s  h e a t  t o  s a t i s f y  u p  
t o  a b o u t  t w e n t y  p e r c e n t  o f  t h a t  e n e r g y  demand,  c o u l d  be c o n -  
v e r t e d  t o  e l e c t r i c i t y ,  o r  c o u l d  be g a s i f i e d  t o  c o n t r i b u t e  u p  
to  a b o u t  s e v e n  p e r c e n t  o f  t o t a l  m e t h a n e  s u p p l y .  The n a t u r a l  
g a s  c o n s t r a i n t  w a s  s e t  a t  28.39 x 1015  B t u .  O i l  was  s u p p l i e d  
a t  f i v e  d i f f e r e n t  l e v e l s ,  c o r r e s p o n d i n g  t o  t h e  f i v e  1 9 8 5  c a s e s :  
5 0 . 8  x  1 0 1 5  B t u ,  4 7 . 1  x  1015  B t u ,  4 4 . 1  r lo1' B t u  a n d  4 3 . 1  x 1 0  1 5  
The nev t e c h n o l o g i e s  and e u b s t i t u t i o n s  c o n s i d e r e d  i n  t h i s  
series o f  r u n s  were: t h e  hydrogen f u e l  c e l l  f o r  peak ing  and 
hydrogen used d i r e c t l y  f o r  s p a c e  h e a t ,  w a t e r  h e a t  and p r o c e s s  
h e a t ,  t h e  hydrogen b e i n g  produced w i t h  o f f - p e a k  e l e c t r i c i t y ;  
i n c r e a s e d  e l e c t r i f i c a t i o n  o f  p r o c e s s  h e a t  and s p a c e  h e a t :  
a l t e r n a t e  f u e l s  i n c l u d i n g  methane and e l e c t r o l y t i c  hydrogen 
f o r  t r a n s p o r t a t i o n ;  and l i m i t e d  implemen ta t ion  o f  t h e  e l e c t r i c  
c a r  (4% o f  au tomot ive  t r a v e l ) .  
The g e n e r a l  s u b s t i t u t i o n  t r e n d  i n  t h i s  s e r i e s  o f  r u n s  
i n v o l v e s  t h e  i n c r e a s e d  e l e c t r i f i c a t i o n  o f  s p a c e  h e a t  and p ro -  
cess h e a t ,  and t h e  r ep lacemen t  o f  o i l  f i r e d  g a s  t u r b i n e s  w i t h  
hydrogen f u e l  c e l l  peak ing  d e v i c e s .  A s  t h e  o i l  s u p p l y  i s  
f u r t h e r  c o n s t r a i n e d ,  some methane i s  s u b s t i t u t e d  f o r  o i l  i n  
t h e  t r a n s p o r t a t i o n  s e c t o r  w i t h  t h e  methane t h a t  i s  s h i f t e d  t o  
t h i s  s e c t o r  b e i n g  r e p l a c e d  b y  e l e c t r i c i t y  g e n e r a t e d  from c o a l .  
Coa l  l i q u e f a c t i o n  t e c h n o l o g y  was n o t  c o n s i d e r e d  i n  t h i s  a n a l y s i s ,  
b u t  would p r o v i d e  an  a l t e r n a t i v e  p a t h  t o  t h i s  l a t t e r  i n d i r e c t  
s u b s t i t u t i o n  o f  c o a l  f o r  o i l .  
Fol lowing i s  a d e t a i l e d  summary o f  t h e  1985 runs.  Imple- 
m e n t a t i o n  l e v e l s  o f  s u b s t i t u t i o n  o n  new t e c h n o l o g i e s  a r e  i n d i c a t e d  
a s  t h e  f r a c t i o n  o f  t h e  b a s i c  e n e r g y  t h a t  t h e y  s a t i s f y  i n  g i v e n  
demand c a t e g o r i e s .  The b a s i c  e n e r g y  demand c o r r e s p o n d s  t o  t h e  
amount o f  e n e r g y  r e q u i r e d  to per fo rm an  a c t i v i t y ,  such  a s  
automotive t r anspo r t  and space h e a t ,  assuming t h a t  t he  energy 
could be used a t  100% e f f i c i ency .  A l t e rna t ive  energy supply 
c a t e g o r i e s  compete a t  d i f f e r e n t  e f f i c i e n c i e s  t o  serve these  
demands i n  the  opt imizat ion model. 
Run 1: In t h i s  run peak power was supplied by gas  t u rb ines  
and hydroe l ec t r i c  p l an t s .  Proceee hea t  fo r  indus t ry  was sup- 
p l i e d  s o l e l y  from d i r e c t  methane and c o a l  burning. E l e c t r i c  
r e s i s t a n c e  space hea t  was employed t o  t he  po in t  a t  which the  
win ter  and summer peaks balanced. Water hea t ing  was done with 
off-peak e l e c t r i c i t y  t o  t he  ex t en t  allowed, o r  about t h i r t y -  
nine percent  of t h a t  b a s i c  energy demand. Transportat ion 
demands were met s o l e l y  with o i l ,  except  for  t he  e l e c t r i c  c a r ,  
which came i n  a t  the  maximum amount allowed, and e l e c t r i c  r a i l  
demand. 
Run 2: Pumped s torage  use increased t o  t he  allowed l i m i t  
9 (69.2 x 10 kwh) and gas  turb ine  use f o r  peaking decreased.  
More space hea t ing  was done e l e c t r i c a l l y  r e s u l t i n g  i n  a  win ter  
peak e l e c t r i c  demand condit ion.  
Run 3: The hydrogen f u e l  c e l l ,  charged with off-peak e l e c t r i c -  
i t y ,  was used f o r  e l e c t r i c  peaking se rv i ce .  Gas t u rb ines  d i s -  
appeared e n t i r e l y  from t h e  opt imal  so lu t ion .  E l e c t r i c i t y  sup- 
p l i e d  about seven percent  of the  process hea t  demand 
and a  t h i r d  of  t he  space hea t  demand, the  maximum l e v e l  of 
s u b s t i t u t i o n  p e r m i t t e d  i n  t h e  l a t t e r  end u s e .  
Run 4: U s e  o f  t h e  hydrogen f u e l  ce l l  f o r  peak ing  i n c r e a s e d ,  
a s  w e l l  a s  t h e  u s e  o f  e l e c t r i c i t y  f o r  p r o c e s s  h e a t .  Some 
methane was s u b s t i t u t e d  f o r  g a s o l i n e  a s  an au tomot ive  f u e l .  
Run 5: There  were  f u r t h e r  i n c r e a s e s  i n  t h e  imp lemen ta t ion  o f  
t h e  hydrogen f u e l  cel l  ( t o  33% o f  demand) and t h e  methane 
f u e l e d  au tomobi l e  ( t o  27% o f  demand).  E l e c t r i c i t y  s u p p l i e d  
24% o f  b a s i c  p r o c e s s  h e a t  demand. 
YEAR 2000 ANALYSIS 
I n  t h i s  series o f  a n a l y s e s  n u c l e a r  f u e l  was assumed 
t o  b e  t h e  m a r g i n a l  r e s o u r c e  f o r  e l e c t r i c  g e n e r a t i o n  and 
c o a l  was c o n s t r a i n e d  i n  t h i s  u s e  t o  19 .5  x 1015 Btu i n p u t .  
L i g h t  Water R e a c t o r  (LWR) c a p a c i t y  was u n c o n s t r a i n e d .  
The t o t a l  c o a l  c o n s t r a i n t  was set a t  31.4 x 1015 Btu o r  a b o u t  
1260 m i l l i o n  t o n s .  The n a t u r a l  g a s  c o n s t r a i n t  was 33.98 x 1 0  1 5  
B tu ,  and c o a l  g a s i f i c a t i o n  c o u l d  c o n t r i b u t e  a n o t h e r  6 . 9  x 1 0  1 5  
Btu .  O i l  was s u p p l i e d  a t  f o u r  d i f f e r e n t  l e v e l s ,  s t a r t i n g  w i t h  
71.38 x lo1' Btu and d e c r e a s i n g  by 10 .0  x 1015 Btu i n  e a c h  suc- 
c e e d i n g  c a a e .  I n  Runs 1 t h r o u g h  4 ,  imp lemen ta t ion  o f  t h e  
elec t r ic  c a r  was r e s t r i c t e d  t o  t e n  p e r c e n t  o f  b a s i c  a u t o m o b i l e  
demand. I n  t h e  f i f t h  run  i t s  imp lemen ta t ion  was u n l i m i t e d ,  
b u t  r e a l l o c a t i o n  o f  t h e  e x t r a  o i l  saved was n o t  p e r m i t t e d .  
O t h e r w i s e ,  s u b s t i t u t i o n s  and t e c h n o l o g i e s  were t h e  same a s  f o r  
t h e  1985 r u n  b u t  were n o t  l i m i t e d  i n  t h e i r  i m p l e m e n t a t i o n .  
Run 1: I n  each  r u n ,  t h e  e l e c t r i c  car met t e n  p e r c e n t  o f  b a s i c  
.- 
a u t o m o b i l e  demand, and r e m a i n i n g  t r a n s p o r t a t i o n  demands e x c e p t  
e l e c t r i f i e d  r a i l  were  s a t i o f i e d  w i t h  o i l .  C o a l  and g a s  were  
b u r n e d  d i r e c t l y  f o r  p r o c e s s  h e a t ,  and 1.77 x 1015 Btu  o f  c o a l  
was g a s i f i e d .  Summer and w i n t e r  p e a k s  f o r  s p a c e  c o n d i t i o n i n g  
were  b a l a n c e d .  Off-peak e l e c t r i c i t y  m e t  47% o f  b a s i c  w a t e r  
h e a t i n g  demand. Peak ing  power came h a l f  from h y d r o e l e c t r i c  
p l a n t s ,  h a l f  from g a s  t u r b i n e s  and pumped s t o r a g e ,  w i t h  t h e  
l a t t e r  two c o n t r i b u t i n g  e q u a l  s h a r e s .  
Run 2: T h i s  r u n  y i e l d e d  t h e  same r e s u l t s  a s  t h e  f i r s t ;  e x c e p t  
t h a t  t h e  p e r c e n t  o f  s p a c e  h e a t  demand s a t i s f i e d  by  e l e c t r i c i t y  
g rew f rom 22.6% t o  47.1%, c a u s i n g  a  w i n t e r  peak elec t r ic  demand 
c o n d i t i o n .  
Run 3: The o v e r a l l  l o a d  f a c t o r  improved i n  t h i s  run  a s  b a s e -  
l o a d e d  LWR's s e r v e d  a  combina t ion  o f  peak  and o f f - p e a k  e l e c -  
t r i c  demands. The r ema in ing  p e a k i n g  power demand was s u p p l i e d  
i n  rough ly  e q u a l  amounts f rom h y d r o e l e c t r i c ,  pumped s t o r a g e ,  
and  hydrogen f u e l  cells.  The l a t t e r  r e p l a c e d  g a s  t u r b i n e s ,  
which  d i s a p p e a r e d .  E l e c t r i c i t y  m e t  88% o f  s p a c e  h e a t  demand. 
Run 4 :  F o r  t h e  f i r s t  t i m e ,  p r o c e s s  h e a t  demand was m e t  by 
e l e c t r i c i t y  (11% o f  demand) and hydrogen (10% of demand).  
A l l  s p a c e  h e a t i n g  was done e l e c t r i c a l l y .  Methane f u e l e d  
a u t o m o b i l e s  a p p e a r e d ,  and s a t i s f i e d  69% of  a u t o m o b i l e  demand. 
Run 5: The r e s u l t s  were  i d e n t i c a l  w i t h  t h o s e  f o r  Run 4 .  
Making hydrogen f o r  p r o c e s s  h e a t  demands w i t h  o f f - p e a k  power 
was p r e f e r r e d  t o  c h a r g i n g  e l e c t r i c  c a r  b a t t e r i e s .  Had r e a l l o -  
c a t i o n  o f  t h e  o i l  s aved  been  p e r m i t t e d ,  however .  t h e  r e s u l t s  
would have  b e e n  d i f f e r e n t .  
CONCLUSIONS 
T h i s  a n a l y s i s  o f  e l e c t r i f i c a t i o n  o f  t h e  Un i t ed  S t a t e s  
e n e r g y  sys tem r a i s e s  a number o f  q u e s t i o n s  f o r  f u r t h e r  s t u d y .  
T e c h n o l o g i e s  t h a t  became i m p o r t a n t  w i t h  i n c r e a s e d  e l e c t r i f i c a -  
t i o n  i n c l u d e  t h e  f u e l  c e l l ,  e l e c t r i c  c a r ,  and a s y n t h e t i c  f u e l  
such  a s  hydrogen t h a t  may b e  p roduced  from o f f - p e a k  power. 
The r o l e  o f  t h e s e  t e c h n o l o g i e s  a r e  d e m o n s t r a t e d  i n  t h e  computer  
r u n s  descr ' ibed i n  t h e  p r e v i o u s  s e c t i o n s .  O t h e r  t e c h n o l o g i e s  
t h a t  c a n  b e  i m p o r t a n t  i n  a n  electr ic  i n t e n s i v e  e n e r g y  s y s t e m .  
b u t  t h a t  were  n o t  a d d r e s s e d  i n  t h i s  a n a l y s i s , i n c l u d e  t h e  h e a t  
pump f o r  s p a c e  h e a t i n g  and h i g h  e f f i c i e n c y  i n d u c t i o n  h e a t i n g  
f o r  i n d u s t r i a l  p r o c e s s e s .  
The s u b s t i t u t i o n s  t a k i n g  p l a c e  i n  t h e  more ex t r eme  elec- 
t r i f i c a t i d n  c a s e e  imply  s i g n i f i c a n t  i n c r e a s e s  i n  t h e  c o s t  o f  
s e r v i c e  t o  s e v e r a l  e n e r g y  demand s e c t o r s  t h a t  now r e l y  h e a v i l y  
o n  l i q u i d  o r  g a s e o u s  g e n e r a l - p u r p o s e  f u e l s .  A s  a r e s u l t  o f  
increased energy comte, ce r t a in  products and servicem w i l l  be 
af fec ted  by the  subst i tu t ion of l e a s  energy in tens ive  a c t i v i t i e s  
i n  the  economy. This involves changes i n  l i f e  styles,and the 
analysia of such aocio-economic change i s  beyond the scope of 
t h i s  analys is .  
This study provides a preliminary review of some of the, 
consequences of increased e l e c t r i f i c a t i o n  of ths  energy system. 
The systems considered involved the  use of coal and nuclear 
f i s s i o n  energy t o  generate increased amounts of e l e c t r i c  power. 
s o l a r - e l e c t r i c ,  geothermal and fusion energy could be employed 
i n  l a t e r  periods. Alternative fu tu re  s t r a t e g i e s  t h a t  must be 
considered a r e  the  large  scale  conversion of coal  to  l iqu id  and 
gaseous fue l s  and the large  scale  use of d i r e c t  so la r  heat .  
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COST AND RESOURCE CONSUWPTION, YEAR 1985 
Case 
-
1 2 3 4 5 
9 
Coot, $10 170.827 173.069 181.790 193.869 198.103 
Elec t r ic  Sector, TW 
Coal 





Total Energy Systems 
Gas Turbines 
Non-Electric Sector, TW 
O i l  and Gas 2.381 2.137 2.232 2.132 2.099 
Coal 0.346 0.346 0.346 0.346 0.346 
Solar - 0.011 0,011 0.011 0.011 - 0.011 
INPUTS 2.738 2.694 2.589 2.489. 2.456 
TOTAL INPUTS 4.011 4.024 4.125 4.269 4.319 
Hydrogen Produced 0. 0. 0.009 0.012 0.013 
1 Total o i l  a t  53.1 x 1015 Btu 
2 II 11 8 1  50.8 1015 01 
3 I* N 11 47.1 1015 11 
4 1, u 44.1 1015 I, 




CNTRL C02 10 
CNTRL CO lo9 
CNTRL NOx lo9 
C N ~  s02 lo9 
CNTRL PART lo9  
CNTRL HC lo9 
CNTRL RAD lo3 
CHTRL HEAT 
DCNTR C02 1011 
DCNTR CO lo9 
DctYn Nox lo9 
DCNTR so2 lo9 
DCNTR PART lo9 
DCNTR HC lo9 
DCNTR RAD lo3 
DCNTR HEAT 10l5 
1 1  
T d A L  C02 10 
TOTAL co lo9 
TOTAL NOx lo9 
TOPAL SO2 10 
TOTAL PART lo9 
TOTAL HC lo9 
TOTAL I U D  lo3 




(Continued.. . ) 
T a b l e  11, Year 1 9 8 5  
P a g e  -2-  
ENVIRONMEHTAL EFFECTS 
!AND USE. lo3 SQ nr 
S T R I P  MINING 
COAL FIRED ELEC. 
O I L  FIRED ELEC. 
GAS FIRED ELEC. 
NUCLEAR 
ELEC. TRANSMISSION 
ELEC. SECTOR INPUTS. 1 0 1 5  BTU 
KIN-ELEC. INPUTS. BW 
TABU 111 
COST AND RESOURCE C(XtSUnffICS4. YEAR 2000 
CASE 
-
1 2 3 4 5 
Cost, $lo9 270.197 277.731 294.772 329.240 329.240 
Electric St,ctor, lW 
Coa 1 0.652 0.652 0.652 0.652 0.652 
Oil and Gas 0. 0. 0. 0. 0. 
WR 1.699 1.931 2.401 3.320 3~320 
LMFBR 0. 0. 0. 0. 0. 
Hydroelectric 0.199 0.199 0.199 0.199 0.199 
Geothermal 0.033 0.033 0.033 0.033 0.033 
Total Energy System 0.003 0. 0. 0. 0. 
Gas Turbines 0.054 0.054 0. 





INPUTS 2.640 2.869 3.285 4.204 4.204 
Non-Electric Sector, lW 
Oil and Gas 3.306 3.128 2.853 2.519 2.519 
Coa 1 0.396 0.396 0.396 0.396 0.396 
Solar 0.015 0.015 0.015 0.015 p.015 
- - -  
INPUTS 3.717 3.539 3.264 2.950 2.930 
TOTAL INPUTS 6.357 6.408 6.549 7.134 7.134 
Hydrogen Produced 0. 0. 0.020 0.131 0.131 
1 Max. Oil 71.38 Electric Car Implementation 10% 
2 61.38, 10% 
3 51~38 10% 
4 41.38 10% 
5 41.38 Unlimited 
ENVIRONMENTAL'EFFECTS 
CNTRL C02 1011 
CNTRL CO lo9 
C N ~ R L   NO^ l o9  
CNTRL so2 l o9  
CNTRL PART lo9 
CNTRL HC l o 9  
CNTRL RAD l o3  
CNTRL HEAT 1015 
DCNTR C02 1011  
DCNTR CO l o 9  
DCNTR NOx 
l o 9  
DCNTR SO2 l o9  
DCNTR PART lo9 
DCNTR HC lo9 
DCNTR RAD lo3 
DCNTR HEAT 1015  
TOTAL C02 10 l1 
TOTAL co lo9 
TOTAL NOx 
l o 9  
TOTAL SO2 lo9 
TOTAL PART lo9 
TOTAL HC lo9 
TOTAL RAD lo3 


























YEAR 2000 CASE 
( C o n t i n u e d . .  .) 
Table I V ,  Year 2000 
Page - 2 -  
ENVIRONKENTAL EFFECTS 
LAND USE,  l o 3  S Q  Ml 
S T R I P  MINING 
COAL F I R E D  ELEC. 
O I L  F I R E D  ELEC. 
GAS F I R E D  ELEC. 
NUCLEAR 
ELEC. TRANSMISSION 
ELEC. SECTOR I N P U T S ,  1 0 1 5  BTU 
NON-ELEC. INPUTS. BN 
TABLE V 
RELATIVE ClUKE I N  MARGINAL COST OF DEMAND, 1985 
Caae 
Dwand Category 
Uiac. E lec tr i c  Base Load 
~ i s c .  E lec tr i c  Intend Load 
Procesa Heat 
Ore Reduct ion 
Pet rochemicala 
Space Heat 






Multiple of Caee 1 Marginal Cost 
2 3 4 5 
TABLE VI 
ReuTIve CM IN MARGINAL COST OF DEMAND 
YEAR 2000 
Multiple of Case 1 Marginal Cost 
2 3 4 5 
JEMAND CATEGORY 
Mac. Elec. Baae Load 











Discuss ion  
M r .  J a n i n  (F rance )  f i r s t  commented t h a t  f i g u r e  2 shows 
t h a t  t h e  s u b s t i t u t i o n  e f f i c i e n c y  between e l e c t r i c i t y  and o t h e r  
ene rgy  forms must be f a r  away from one .  But i f  one t a k e s  i n t o  
a c c 0 u n t . e . g  t h e  i n c r e a s i n g  o i l  p r i c e  on t h e  one  han i  and t h e  
nore  e f f i c i e n t  e l e c t r i c a l  systems--for  example s p a c e  h e a t i n g  
systems--on t h e  o t h e r  hand, t h i s  g i v e s  r i s e  t o  doub t .  He a l s o  
s t r e s s e d  t h a t  i n  t h e  c a s e  of p r o c e s s  h e a t ,  t h e  s u b s t i t u t i o n  
e f f i c i e n c y  shou ld  be  v e r y  c l o s e  t o  one because  i n  t h e  i n d u s t r i a l  
p r o c e s s  h e a t  s e c t o r ,  one i s  go ing  t o  change from s t e m  o r  b o i l -  
i n g  w a t e r  t o  o t h e r  new t e c h n o l o g i e s ,  f o r  example,  osmosis .  
F i n a l l y ,  he asked  what k ind  of  c o s t s  a r e  c o n s i d e r e d  i n  t h e  model. 
M r .  Hoffman f i r s t  r e p l i e d  t o  t h e  comment and remarked t h a t  
t h e y  have a  good b a s i s  t o  c a l c u l a t e  o r  e s t i m a t e  t h e  e f f i c i e n c y  
of s u b s t i t u t i o n s .  He agreed  i n  t h e  c a s e  of space  h e a t i n g ,  b u t  
he  d i s a g r e e d  i n  t h e  c a s e  of p r o c e s s  h e a t i n g .  He no ted  t h a t  
t h e y  a r e  t h i n k i n g  more i n  t e rms  of i n c r e a s e d  u t i l i z a t i o n  and 
i n d u c t i o n  h e a t i n g  t e c h n i q u e s  r a t h e r  t h a n  i n  c o n v e c t i v e  and con- 
d u c t i v e  p r o c e s s  h e a t i n g ,  and t h e r e  a r e  e f f i c i e n c y  i n c r e a s e s  t o  
be g a i n e d  i n  t h o s e  i n d u s t r i e s  which can  make e f f e c t i v e  u s e  o f  
i n d u c t i o n  h e a t i n g .  S ince  t h e  i n d u s t r i a l  p r o c e s s  h e a t  s e c t o r  
i s  a  v e r y  l a r g e  one ,  t h e y  would l i k e  t o  t r y  t o  d i s t i n g u i s h  i n  i n -  
d u s t r i a l  p r o c e s s  h e a t  between d i r e c t  h e a t  r e q u i r e m e n t s  a s  a  func-  
t i o n  of t e m p e r a t u r e ,  and t h e  lower  p r o c e s s  h e a t  r equ i r emen t s  which 
can  be s a t i s f i e d  c o n v e n i e n t l y  by power p l a n t s  u s i n g  back p r e s s u r e  
t u r b i n e s ;  and t o  i n t r o d u c e  t h i s  i n  t h e  model a s  a  f i r s t  c u t .  
Then t h e y  would l i k e  t o  l ook  f u r t h e r  a t  t h e  amount of  h e a t  t h a t  
c o u l d  be swi t ched  ove r  t o  i n d u c t i o n  h e a t i n g  which can  be done 
v e r y  e f f i c i e n t l y  v i a  e l e c t r i c i t y .  But t h e y  d o  n o t  know o t h e r  
p r o c e s s e s  which a r e  c o n s i d e r a b l y  more e f f i c i e n t .  Then, w i t h  
r e g a r d  t o  t h e  q u e s t i o n  abou t  t h e  c o s t ,  he remarked t h a t  t h e  
c o s t  c o e f f i c i e n t s  i n  t h e  o b j e c t i v e  f u n c t i o n  i n c l u d e  t h e  f u e l  
c o s t ,  t h e  o p e r a t i v e  c o s t  and an amor t i zed  c a p i t a l  cos t - - t he  
c a p i t a l  c o s t  i s  amor t i zed  i n  a  f i x e d  cha rge  r a t e  of something 
l i k e  15%. The c o s t  c o e f f i c i e n t  does  n o t  i n c l u d e  t h e  c o s t  of 
t h e  u t i l i z i n g  d e v i c e  b u t  t h e y  a r e  s t i l l  deve lop ing  c o s t  d a t a  
on u t i l i z i n g  d e v i c e s  and t h e y  w i l l  use  them i n  t h e  f u t u r e .  
Another  p a r t i c i p a n t  t h e n  had a  q u e s t i o n  on t a b l e s  I and 3 .  
He asked  i f  t h e  hydrogen t echno logy  w i l l  be  r eady  i n  1985 be- 
c a u s e  it seemed t o  him from t a b l e  1 and 3 t h a t  t h e  g a s  t u r b i n e  
is  s u b s t i t u t e d  j u s t  a t  t h e  t ime  t h e  hydrogen comes i n .  M r .  
Hoffman r e p l i e d  t h a t  it was n o t  t h e  complete  rep lacement  of 
g a s  t u r b i n e s  by f u e l  c e l l s ;  t h e r e  were 2 o r  3 t e c h n o l o g i e s  
t h a t  were r e p l a c i n g  t h e  g a s  t u r b i n e .  He d i d  n o t  know about  
t h e  f u e l  c e l l  b u t  he no t ed  t h a t  t h e r e  a r e  some e x p e r t s  and t h e y  
a r e  c o n f i d e n t  t h a t  t h e  f u e l  c e l l  w i l l  be  s u c c e s s f u l  i n  1978- 
1979. 
M r .  S t y r i k o v i c h  (USSR) asked  i f  t h e  f u e l  c e l l  w i l l  a l s o  
be  cheap  enough f o r  b i g  l o a d s  t o  come i n t o  t h e  marke t .  M r .  
Hoffman s a i d  y e s  and remarked t h a t  t h e y  a r e  u s i n g  an  o p t i m i s t i c  
e s t i m a t e  and t h a t  comes o u t  f o r  f u e l  c e l l  components some- 
t h i n g  l i k e  $150/kW. 
M r .  Krymm (1AEA)asked on what b a s i s  t h e  demand p r o j e c t i o n  
f o r  t h e  d i f f e r e n t  s e c t o r s  i s  done .  M r .  Hoffman r e p l i e d  t h a t  
t h i s  i s  done i n  t h e  r e s i d e n t i a l  a r e a  on t h e  b a s i s  of t h e  pro-  
j e c t e d  number of households .  They p r o j e c t  t h e  number of 
house-holds expec ted  t o  t h e  y e a r  2000 and ,  g i v e n  a  l e v e l ,  
t h e y  make some d e c i s i o n  t h a t  w i l l  t h e n  be  some mix of m u l t i -  
f a m i l y  and s i n g l e - f a m i l y  d w e l l i n g s .  For  t h i s  s t u d y  t h e y  assum- 
ed t h e r e  would be t h e  same mix tu re  t h a t  t h e y  have i n  t h e  USA 
now. P r o j e c t i o n  on i n c r e a s e d  u s e  of  i n s u l a t i o n  i n  t h e s e  homes 
i n  r e sponse  t o  c o n s e r v a t i o n  r equ i r emen t s - - the re  a r e  s t a n d a r d s  
now b e i n g  w r i t t e n - - a r e  a l l  i n  t h e  energy  r equ i r emen t s  f o r  space  
h e a t i n g ,  and it i s  r e a l l y  d e f i n e d  a s  t h e  amount of  h e a t  (number 
of B t u ' s )  l e a k i n g  th rough  t h e  w a l l s  of t h e  house .  The model 
c a l c u l a t e s  t h a t  u s i n g  t h e  u t i l i z a t i o n  e f f i c i e n c y .  I n  t r a n s -  
p o r t a t i o n  p r o j e c t i o n s  t h e y  were f o r t u n a t e  enough t o  have t h e  
h e l p  of t h e  Department of  T r a n s p o r t a t i o n  i n  t h e  USA which gave  
them p r o j e c t i o n s  of au tomobi le  and a i r c r a f t .  I n  r e s p e c t  of 
p r o j e c t i o n s  f o r  t h e  purpose  of t echno logy  a s se s smen t ,  t h e y  
wished t o  u s e  a  c o n s e r v a t i v e  p r o j e c t i o n .  So t h e y  wanted t o  
p l a n  f o r  what t h e y  though t  would b e  c l o s e  t o  t h e  maximum l e v e l  
of  demand growth .  T h i s  i s  a  v e r y  s p e c i a l  t y p e  of p r o j e c t i o n :  
it i s  n o t  a  f o r e c a s t  o r  p r e d i c t i o n ,  it i s  a  p r o j e c t i o n  d e v e l -  
oped f o r  new t e c h n o l o g i e s .  They f e l t  t h a t  t h i s  i s  t h e  appro-  
p r i a t e  t y p e  of p l ann ing  p r o j e c t i o n  t o  u s e  f o r  R & D assessment  
t o  new t e c h n o l o g i e s  because ,  i f  it t u r n s  o u t  t h a t  t h e  main 
l e v e l s  d o  n o t  r e a c h  t h e  maximum demand l e v e l ,  t h e n  one does  
n o t  need t h e  t e c h n o l o g i e s  t o  t h e  e x t e n t  r e q u i r e d .  T h i s  seems 
t o  be s u i t a b l e  because  b e n e f i t  r a t i o  and t echno logy  w i l l  n o t  
b e  a s  g r e a t  a s  t h e y  i n i t i a l l y  c a l c u l a t e d ,  b u t  f o r  t h e  purpose  
of  a s s e s s i n g  t h e  t e c h n o l o g i e s  it seemed t o  them t o  be  an  i m -  
provement .  
A Concept f o r  Eva lua t ion  of Timing o f  
T r a n s i t i o n  i n t o  a  Non-Fossil Energy Economy 
Mitsuo Takei  
I have been a s s l a n e d  t h e  t o p i c  of t iminq  p F  t r a n s i t i o n  
i n t o  a  n o n - f o s s i l  enerqy  economy, b u t  I have had -o expe r i ence  
w i t h  a  comprehensive sys tems s tudy  o f  such a  top1 , and I hope 
t h a t  you w i l l  k i n d l y  b e a r  wi th  me i f  I f a l l  s h o r t  of a  complete 
t r e a t m e n t  of  t h i s  ma tLcr .  
A t  t h e  I n s t i t u t e  we a r e  c o n d u c t ~ n g ,  a l t hough  w i t h i n  a  
l i m i t e d  r a n g e ,  two svs tems s t u d l e s  which have b e a r i n g  on t h i s  
theme. One is beino  p re sen ted  under t h e  t i t l e  "A Model f o r  
E v a l u a t i o n  of  t h e  Growth of  Nuclear  Power i n  Fu tu re  Power 
Systems , " l a n  e v a l u a t i o n  of  t iming  s u h s t i t u t i o n  o r  t r a n s i t i o n  
from conven t iona l  t h e r n a ?  power t o  n u c l e a r  wower amonq t h e  
v a r i o u s  s o u r c e s  i n  + h e  f u t u r e  power system. 
T h i s  model c a i c u l a t e s  t h e  optimum d i s t r l b u t i ~ m  of t he rma l  
power [ t h r e e  t y p e s )  and n u c l e a r  wower (LWR, ATP, ~ n d  FBR) t o  
minimize sys tem c o s t s ,  w i t h  t h e  annual  r a r q i n a i  , nc rease  ca- 
p a c i t y  t a k e n  a s  a  premise  fo l lo \v inq  t h e  annual  l oad  d u r a t i o n  
cu rve .  I n  o t h e r  words,  i n  t h i s  model t h e  s u b s t i t u t i o n  o r  
t r a n s i t i o n  between thermal  power and n u c l e a r  power is  r e a l i z e d  
th rough  compe t i t i on  i n  r e s p e c t i v e  g e n e r a t i o n  c o s t s .  F u r t h e r ,  
d a t a  on t h e  r e l a t i v e  c .3s ts  of  each  power s o u r c e  a r e  q iven  by 
t h e  t r e n d  o f  c o n s t r u c r l o n  c o s t s  and o p e r a t i o n  c o s t s  ove r  a  
long-term p e r i o d .  
The second sys-tems s t u d y  i s  a  model t h a t  f o r e c a s t s  long- 
term energy demand l e v e l s  through c o n s i d e r a t i o n  o f  t h e  t y p e  
o f  l i m i t a t i o n s  which w i l l  be  p l aced  on t h e  growth o f  t h e  
Japanese  economy by t h e  c o n d i t i o n s  of  f u t u r e  energy  supp ly .  
T h i s  model i s  divif ied i n t o  t h r e e  sub-systems: i )  t h e  
economic s e c t o r :  ii) t h e  energy  s e c t o r ;  and i i i )  t h e  envi ron-  
menta l  s e c t o r .  The r e l a t i o n s h i p s  among t h e  s e c t o r s  a r e  com- 
puted  by means of  t h e  system dynamics method. 
I n  t h e  f i r s t  sub-system, t h e  annual. r a t e  of  i n c r e a s e  i n  
p r i v a t e  c a p i t a l  inves tment  is  g i v e n  ( a s  an exogenous v a r i a b l e ) ,  
and t h e  compownts  of  t h e  GNP a r e  de r ived  by econometr ic  
methods. Next ,  u s i n g  t h e  d l s t r i h u t i o n  r - .  ' a b l e  g i v e n  by 
t h e  Input /Output  t a b l e ,  d i s t r i b u t i c n  is  simulated f o r  f i n a l  
demand by each  i n d u s t r i a l  s e c t o r .  Then, u s i ~ g  t h e  i n v e r s e  
'A Model f o r  Eva lua t ion  of t h e  Growth of Nuclear  Power i n  
F u t u r e  Power Systems.  
2~ Model f o r  Asses s ing  Long-Term Energy Demand. 
matrix, levels of energy consumption are further derived from 
the value of production for each industrial sector. It can 
be said that, since the GNP distribution rate and the energy 
input coefficient of each industrial sector are variable, this 
model can be fully applied to the causes of future change in 
the Japanese economy. 
In the second sub-system, the data on total energy demand 
derived in the first sub-model are distributed between petro- 
leum and substitute fuels, and petroleum consumption is lim- 
ited in accordance with the available amount of future supply 
conditions. 
In the third sub-system, sulfur exhaust from the above 
volune of petroleum consumption is calculated to determine 
the amount of investment in desulfurization equipment necessary 
to make this sulfur exhaust correspond to environmental stan- 
dards. 
In this model, changes in the composition of future energy 
demand are sought based on changes in the macroscopic frame- 
work of the economy and in the industrial structure of Japan. 
But, on the other hand, this model does not carry out any 
particularly detailed study of the composition of energy supplv 
other than setting, as an upper limit, the amount of oil sup ly 
which may be available to Japan as derived in another model. 5 
Regarding conversion of primary energy supply, we are al- 
ready experiencing two historical realities. One is the typ- 
ical conversion from coal to oil which has been taking place 
since the second half of the 1950's. During the worldwide 
surplus in petroleum supply, the domestic demand for coal (ex- 
cluding coking coal) was reduced and later, the addition of 
restrictions by environmental standards resulted in a constric- 
tion of domestic production. The proportion of domestic coal 
(including coking coal) in the supply of primary energy fell 
from 45% in 1955 to 34% in 1960 and to 19% in 1965. We can 
interpret this type of conversion as a process of displacement 
of coal through market competition from petroleum, which is 
advantageous in terms both of price and utilization. 
The other historical reality is the large-scale introduc- 
tion of nuclear power sources which began during the early 1960's 
in America. The powerful American nuclear power industry built 
up the new market by the accumulation of technological develop- 
ment during the decade of the 1 9 5 0 ' ~ ~  and just at that time it 
took advantage of the continuing high level of demand for power 
plants. There is a large variety of fuels in America, as well 
as wide regional variation in fuel costs, and this undeniably 
was of benefit to the market strategy of the nuclear power in- 
dustry. This American experience has extended to the industrial 
countries of Europe and to Japan, where there is now a secondary 
3~ Model for the Simulation of the Future Oil Flow. 
energy conve r s ion  under way. A t  t h e  same t i m e ,  t h i s  secondary  
conve r s ion  can  be  seen  a s  a  change i n  t h e  c o n d i t i o n s  of energy  
supp ly  from re sources  t o  technology,  p o i n t i n g  ou t  t h e  long-term 
f u t u r e  t r e n d .  
The energy t r a n s i t i o n  w i t h  which we a r e  dea l - ing  h e r e ,  
however, ho lds  b roade r  problems and longer- range  f a c t o r s  t h a n  
t h e  above two c a s e s ,  and many p o i n t s  involved  i n  t h e  t r a n s i t i o n  
p e r i o d  should  r a t h e r  be unders tood a s  r e l a t l n g  t o  t h e  concep t s  
o f  long-term eneryy s t r a t e g y .  
Beginninq w i t h  t h e  opening o f  t h e  1 9 7 0 ' ~ ~  t h e  changes i n  
t h e  s t r u c t u r e  of  world o i l  s u p p l y .  wnich a c c e l e r a t e 2  i n  p a r t i c -  
u l a r  fo l lowing  1973, were a  prime f a c t o r  l e a d i n g  t o  t h e  p r e s e n t  
s i t u a t i o n ,  now c a l l e d  t h e  o i l  c r i s i s .  For example, i n  J a p a n ' s  
c a s e ,  t h e  energy  supply  a v a i l a b l e  throuqh domest ic  s o u r c e s  i n  
t h e  y e a r  2000 w i l l  n o t  exceed 408 of t h e  energy demand a s  e x t r a -  
p o l a t e d  from p r e s e n t  c o n d i t i o n s ,  and sk.ouid pe t ro leum s u p p l i e s  
be  l i m i t e d  t o  a v a i l a b l e  s u p p l i e s  d u r i n g  1980-55, it i s  f o r e -  
c a s t  t h a t  approximate ly  30% of t h e  energy demand w i l l  no t  be  
met. 
On t h e  o t h e r  hand, t h e  l e v e l  of: long-term eneryy demand 
w i l l  be r e g u l a t e d  by t h e  n a t u r e  of  f u t u r e  economic and s o c i a l  
development,  and t h e  composi t ion  of energy demand w i l l  be  de- 
t e rmined  i n  r e sponse  t o  changes i n  t h e  forms p r e d i c t e d  f o r  f i n a l  
consumption. For J apan ,  t h e  i n d u s t r i a l  s e c t o r  accoun t s  f o r  
50% of  a l l  energy consumption. A s  such ,  it has  become p o s s i b l e  
f o r  c o n t r o l s  on energy consumption t o  chanqe t h e  s t r u c t u r e  of 
i n d u s t r y ,  r e o r g a n i z i n g  t h e  h igh  energy  consumina i n d u s t r y .  
A t  t h e  same t i m e ,  however, t h e r e  s t i l l  remain f a c t o r s  l e a d i n g  
t o  major  i n c r e a s e s  i n  p e r  c a p i t a  consumption i n  household s e c -  
t o r ,  which now s t a n d s  a t  o n e - f i f t h  of  t h e  American l e v e l  and 
a t  h a l f  t h e  l e v e l  of  t h e  c o u n t r i e s  of Europe, and t h e r e  i s  a l s o  
much room f o r  improvement i n  t h e  form of t h a t  consumption. 
Cons ide r ing  such  f o r e c a s t s ,  we can  s e e  t h a t  t h e  gap i n  
long-term energy demand and supply  should  n o t  be  though t  of  a s  
a  mere s h o r t a g e  of  supply  t o  meet t h e  demand; i n  many ways it 
should  b e  i n t e r p r e t e d  a s  a  l ack  of adequate  means t o  d e a l  w i t h  
q u a l i t a t i v e  r equ i r emen t s  o f  energy  consumption. Optimal c h o i c e  
o f  energy  consumption,  and r a t i o n a l i z a t i o n  of ene ray  t r a n s p o r t a -  
t i o n ,  improvement o f  envi ronmenta l  c o n d i t i o n s ,  and ~ t h e r  f a c t o r s  
d e r i v i n g  from t h e  form t aken  by f i n a l  c o n s , l r l t i o n  a r e  unigno- 
r a b l e  f a c t o r s  pushing  forward t h e  t r a n s i t ~ r -  from f o s s i l  ene rgy  
t o  n o n - f o s s i l  energy .  
When looked a t  i n  t h i s  way, t h e  s t u d y  of what measures 
can  be  adopted  t o  c l o s e  t h e  f o r e c a s t e d  gap i n  energy  demand 
and s u p p l y  can b e  cons ide red  a s  t h e  fo rmula t ion  of  long-term 
ene rgy  s t r a t e g y .  For a  h igh  energy  consuming coun t ry  such  a s  
Japan ,  t h a t  energy s t r a t e g y  can be unders tood a s  a  p r o c e s s  o f  
p o l i c y  s e l e c t i o n  f o r  t h e  i n t e g r a t i o n  of t h e  energy  s u p p l y ,  t h e  
envi ronment ,  and t h e  n a t i o n a l  economy, a t  t h e  same t ime  f i t t i n g  
t h e  s t r a t e g y  of t h e  g o a l s  of s t a b i l i z a t i o n  and o p t i m i z a t i o n  
of t h e  world energy  supply .  The expans ion  of  t h e  supply  of 
n o n - f o s s i l  energy  r e s o u r c e s  is  a  p r e f e r r e d  o p t i o n  f o r  i n d u s t r i a l  
c o u n t r i e s  t o  ach iev ing  s imul t aneous ly  optimum d i s t r i b u t i o n  of 
t h e  w o r l d ' s  energy  r e s o u r c e s  and e s t a b l i s h m e n t  of  domest ic  
s e l f - s u f f i c i e n c y .  
We can s e e  i n  F i g u r e  1 t h a t  a  concept  can  be fo rmula t ed  
f o r  t h e  e s t i m a t i o n  of t h e  gap  between energy supply/demand, 
and w i t h i n  t h e  a r e a  of t h i s  concept  we s h a l l  be a b l e  t o  make 
a  c a l c u l a t i o n  model. 
For  t h i s  d i s c u s s i o n ,  t h e  l e v e l  of  energy  demand and com- 
p o s i t i o n  of  supp ly  i n  2000 i n  Japan can be  f o r e c a s t e d  a s  shown i n  
F i g u r e  2 ,  and t h e  t h r e e  t y p e s  of  p o t e n t i a l  gaps a r e  e s t i m a t e d  
i n  te rms of amount. These gaps  conve r t  t o  a c t u a l  g a p s ,  which 
a r e  i n d i c a t e d  i n  terms of energy supp ly .  
A s  mentioned above,  t h e  c h o i c e  of measures t o  c l o s e  t h i s  
gap  is mainly s u b j e c t  t o  p o l i t i c a l  d e c i s i o n .  These measures 
i n c l u d e  bo th  economical  and t e c h n o l o g i c a l  methods. I n  t h e  
a r e a  oF  economical  method, we can c o n t r o l  t h e  l e v e l  of  energy  
demand by t h e  e x e r c i s i n g  of economic p o l i c y .  I n  t h e  a r e a  of 
t e c h n o l o g i c a l  method, we can p r e s e n t  a l t e r n a t i v e  energy  s o u r c e s  
from n u c l e a r  power, r e u t i l i z a t i o n  of f o s s i l  r e s o u r c e s  and r e -  
newable energy  t o  f u s i o n .  Of t h e s e ,  o n l y  n u c l e a r  power is d e a l t  
w i t h i n  sys tems s t u d i e s ,  and i t  i s  c a l l e d  r e a c t o r  s t r a t e g y .  
Techno log ica l  c h o i c e s  t o  s a t i s f y  t h e  energy  gap  a r e  a f f e c t e d  
by many techno-economic f a c t o r s .  These f a c t o r s  can i n c l u d e :  
Lead-time f o r  development and supp ly  
R & D inves tment  
P r o b a b i l i t y  of supp ly  
Assessment of  envi ronmenta l  e f f e c t  bo th  i n  p roduc t ion  
and f i n a l  u se  
C o s t ,  p r o d u c t i o n  and t r a n s p o r t a t i o n  
Form of supp ly  
Limi t ing '  f a c t o r  s e t  by each  energy  
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Fig.  2 
Forecasted 
Energy 
Demand in 2000 
(1013 Kcal) 
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APPENDIX 2 
1. Composition of Energy Demand ( $ ) 
Sector 1970 2000 
Pfining, Industry 56 4 





2. Capacity of Power Generating ( 1 9 7 0 ~  2000) 
1970 1980 2000 
Total demand 320 ( ' ) - 737 ( % )  
of power (logkwh) 
power- 
geneeation ( " ) 358 ( 100) 810 ( 100) 2.061 ( 100) 
Nuclear 
power " ) 5 ( 1) 210 ( 26) 1,200-1,300 (58-63) 
Themal- 
power ( " 1  275 ( 77) k96 ( 61) 671-571 ( 33-28] 
Capacity of 
power generation 68 (100) 150 ( 100) 361 -365 (100) 
Nuclear- 
power ( lo6kw) 1 ( 2) 32 ( 21) 180--200 (50-55) 
Thermal- 
power ( n  47 ( 69) 81 ( 54) 110 94 (30-26) 
Discuss ion  
M r .  Hafe l e  (IIASA) asked  whether  t h e y  c o n s i d e r  t h e  growth 
of demand and whether  t h e y  u s e  a  l i m i t a t i o n  f o r  t h e  f u t u r e  de-  
mand o r  a  c o n t i n u o u s l y  i n c r e a s i n g  demand. M r .  Take i  r e p l i e d  t h a t  
t h e y  have  a n o t h e r  model t o  c a l c u l a t e  t h e  development  of t h e  
s t r u c t u r e  of t h e  economy and t h e  i n d u s t r y ,  and t h a t  t h e y  u s e  
t h i s  model t o  de t e rmine  t h e  f u t u r e  demand. 
M r .  J a n i n  (F rance )  t hen  commented t h a t  t h e y  have v e r y  
s i m i l a r  problems and a l s o  s i m i l a r  s o l u t i o n s .  They u s e  n u c l e a r  
power t o  a  g r e a t  e x t e n t ;  t h u s  t h e y  a r e  p l ann ing  t o  have 75% of 
e l e c t r i c i t y  by n u c l e a r  power p l a n t s  i n  1985 and it shou ld  be  i n  
t h e  same o r d e r  of magnitude i n  t h e  y e a r  2000. Fu r the rmore ,  
he  a sked  i f  a  r e a l  c o n s t r a i n t  e x i s t s  which l e v e l s  down t h e  
n u c l e a r  power t o  60% of t h e  e l e c t r i c i t y  demand a s  shown i n  
appendix  2.  M r .  Takei  r e p l i e d  t h a t  t h e y  have d i f f e r e n t  prob-  
lems i n  t h e  promotion of n u c l e a r  power which have n o t  been 
s o l v e d  and t h a t  i s  why he  d o e s  n o t  t h i n k  t h e y  would have more 
t h a n  60%. 
M r .  Manne (IIASA) a sked  about  t h e  s m a l l  s c a l e  r e s i d e n t i a l  
and commercial u s e  of s o l a r  energy  and how f a r  away t h i s  t e c h -  
nology i s  from implementa t ion  w i t h  " P r o j e c t  Sunshine" .  M r .  
Take i  wanted M r .  Mori ( J apan )  t o  answer.  Mr. Morl r e p l i e d  
t h a t  t hey  p l a n  t o  have s o l a r  power g e n e r a t i o n  on a  l a r g e  s c a l e  
a t  t h e  end  of t h i s  c e n t u r y ,  and on a  s m a l l  s c a l e ,  which means 
house  h e a t i n g  and c o o l i n g ,  i n  7-8 y e a r s .  But t h i s  i s  v e r y  much 
t h e  b e g i n n i n g ,  and a l s o  " P r o j e c t  Sunshine"  i s  j u s t  a t  t h e  be-  
g i n n i n g - - t h i s  a c t u a l l y  began th rough  t h e  i d e a s  of some peop le  
from t h e  u n i v e r s i t i e s .  
P r o g r e s s  Report  on a  Review of Energy Models Developed 
i n  Various C o u n t r i e s  
J . -P.  Cha rpen t i e r  
The pape r  "P rogres s  Report  on a  Review o f  Energy Models 
Developed i n  Various Coun t r i e s "  i s  n o t  reproduced h e r e ,  b u t  
i s  a v a i l a b l e  a s  a  s e p a r a t e  document from t h e  I n t e r n a t i o n a l  
I n s t i t u t e  f o r  Applied Systems Ana lys i s .  Its p u b l i c a t i o n  
l i s t i n g  is :  " A  Review of Energy Models: No. 1- May 1974,"  
RR-74-10, J u l y  1974. 
Discuss ion  
One p a r t i c i p a n t  made t h e  comment t h a t  h e  i s  ex t r eme ly  
wor r i ed  abou t  most of  t h e  energy  models .  They g i v e  t h e  
impression o f  r e p r e s e n t i n g  r e a l i t y  which can  be  t r e a t e d  by 
r a t i o n a l  methods. The c r u c i a l  p o i n t  e s p e c i a l l y  is t h a t  t h e  
d e c i s i o r  makers g e t  t h e  wrong impres s ion ,  w h i l e  t h e  model 
makers  a r e  more aware o f  t h e  problems.  The model makers 
a p p e a r  t o  r e p r e s e n t  a  n e a r l y  c l o s e d  sys tem,  b u t  t h e  o n l y  
sys tem which can  b e  assumed t o  b e  c l o s e d  is t h e  a tmosphere ,  
and w i t h i n  t h a t  a r e  t h e  ecosphe re ,  t h e  s o c i o s p h e r e ,  e t c .  The 
o n l y  v a r i a b l e  t h a t  a c t u a l l y  c o n s i d e r s  t h e  l i n k a g e  between 
t h e  energ\ .  system and t h e  s o c i o s p h e r e  is  t h e  demand v a r i a b l e ,  
and t h i s  ..s very o f t e n  pushed u p  by a d v e r t i s i n g ,  t h e  a r t i f i -  
c i a l l y  s h o r t e n e d  l i f e  t ime of  ~ r o d u c t s ,  low q u a i i t y ,  e t c .  
The reFore .  he  sugges t ed  t r e a t i n g  t h 2  demand v a r i a b l e  a s  a r  ~ s -  
oqeneous v a r i a b l e  t h a t  i s  independent  cf t h e  supp ly .  
Then, a n o t h e r  d e l e g a t e  asked  whether  it would b e  p o s s i b l e  
t o  i n c l u d e  t h e  a v a i l a b i l i t y  of t h e  mcCels I n  t h a t  p a p e r .  
Y r .  9 a f e l e  a g r e e d ,  and r e p l i e d  t h a t  t h e  avail-ability was one 
of t h e  problems i n  d e c i d i n g  which model 5hould o r  shou ld  n o t  
bc lnc luded  i n  t h a t  paper .  T h e r e f o r e ,  'CIey dec ided  on a  more 
u raqma t l c  b a s i s  t o  i n c l u d e  o n l y  t h o s e  rnc:4~.'s which a r e  r e -  
p o r + s d  IP t h e  u n c l a s s i f i e d  l i t e r a t u r e  IF somewhat g r e a t e r  
d e t a i l .  They d i d  n o t  draw t h e  ? i s - t i n c t L o n  l i n e  between com- 
p l e t e l y  a v a i l a b l e  and u n a v a i l a b l e  h e c a c ~ e  they  f e l t  t h a t  it 
w c ~ ~ l d  7 o t  b e  f u l l y  r e l e v a n t  i f  on ly  t h e  e ~ t i r e l y  a v a j l a b l e  
models  a r e  i nc luded .  Thus, it seems now t h a t  one  h a s  t o  con- 
t a c t  t h e  a u t h o r  o r  t h e  m i n i s t r y .  e t c . ,  one wants  t o  g e t  
more d e t  a '  I s .  
Another  p a r t i c i p a n t ,  however, wanted t o  c a r r y  t h e  p o i n t  
a  l i t t l e  f u r t h e r .  He remarked t h a t  u l t i m a t e l y  some models  
t h a t  a r e  o f  i n t e r e s t  do  n o t  e x i s t  even I n  t h e  form o f  d e t a i i z d  
r e p o r t s  b u t  on ly  i n  t h e  form o f  computer D r o g r m s .  I n  t h i s  
c a s e  l t  would be  of  g r e a t  i n t e r e s t ,  p a r t i c u l a r l y  i n  comparing 
models  f o r  t h e i r  c o m p a t i b i 1 4 . y  of assumptions and o u t p u t ,  i f  
some e f f o r t s  were made by qroups  such  a s  IIASA--even on a  
s m a l l  s c a l e - - t o  make t h e s e  computer programs on a  comparable 
b a s i s  a v a i l a b l e  f o r  u s e  i n  v a r i o u s  i n s t i t u t i o n s .  M r . ~ a f e l e  
r e p l i e d  t h a t  he  t hough t  he knew what . t h i s  ~ a r t i c i p a n t  was 
r e f e r r i n g  t o ,  because  t h e y  a r e  b o t h  i n  t h e  r e a c t o r  f i e l d  and 
t h e r e  a r e  now s o p h i s t i c a t e d  d a t a  banlts f o r  n u c l e a r  d a t a  and 
r e a c t o r  codes .  But he d i d  not  t % i n k  t h a t  now is t h e  r i g h t  
t i m e  t o  make a  s i m i l a r  e f f o r t  i n  t h e  mode l l i ng  f i e l d ,  t h a t  it 
c o u l d  b e  done i n  5 y e a r s  perhaps .  Then he noted  t h a t  on t h e  
o t h e r  hand,  i f  h e  l o o k s  a t  t h e  amount o f  ef Eor t  t h a t  ha s  t o  
go i n t o  it t o  make i t  o p e r a t i o n a l ,  he  must  s ay  t h a t  IIASA i s  
n o t  s t a f f e d  f o r  t h a t  o b l i g a t i o n ;  and h e  asked  M r .  R a i f f a  f o r  
h i s  op in ion  on t h a t  p o i n t .  M r .  R a i f f a  commented t h a t  a  s e r i e s  
of symposia has been s t a r t e d  on problems of g l o b a l  model l ing .  
A few weeks ago t h e  f i r s t  of t h e s e  took p lace  a t  IIASA, wi th  
P r o f s .  P e s t e l  and Mesarovic d i s c u s s i n g  t h e i r  g l o b a l  model: t h i s  
w i l l  be followed by o t h e r  g l o b a l  modell ing e f f o r t s ,  and i n  a l l  
c a s e s  they  would ask f o r  t h e  computer programs t o  be brought 
t o  IIASA and t o  be worked over .  These programs t h u s  become 
a v a i l a b l e  t o  t h o s e  who want t o  p lay  with t h e  models. Th i s  may 
invo lve  5 t o  6 ,  o r  a t  t h e  o u t s i d e  10 ,  such modell ing e f f o r t s .  
If i n  t h e  a r e a  of energy modell ing IIASA took on a l l  computer 
programs, it might be swamped. M r .  R a i f f a  thought  it d e s i r a b l e  
t o  t a k e  a  few of t h e  more common ones and t r y  t o  b r i n g  t h e  
so f tware  t o  IIASA. 
New Ways and New P o s s i b i l i t i e s  of Modelling t h e  E l e c t r i c  
Power System Development 
Imrich Lencz 
A metlaernat?.cn'l_ nodel. became a means of s o l v i n g  the  problems 
of tho development cf' 1 n r g e  and complex t echn ic21  and ec-onomicnl 
systems. I n  t h e  Powcr Research I n s t i t u t e  c f  Czechos lovnk i~  t h e  
so-called Multimodel huo been prepared f o r  so lv ing  t h e  problems 
of t h ~ ?  e l e c t r i c  power system development. The Multimcdel i s  en 
e f f e c t i v e  and a complei; in~i!cl. systern based or, us ing arl automntfd 
d a t e  base ond con t ro l l ed  by in: ; ' i ructio.~.s  of 8 special problern- 
o r i e n t a t e d  comn~urzication language. I",.ibstantiall y inc reases  
t h e  e f f e c t i v e n e s s  of model s t u d i e s  i n  the  f i e l d  of a n ~ l y s i s  nnd 
s y n t h e s i s  of the  development of p r c c n l - d a y  e l e c t r i c  power systems. 
The Multlmodel r e s u l t s  from the  c p p l l c a t i c n  of ideas  a d  
approaches of t h e  app l i ed  systems an22 s:::Ls. 
1. A modelled sys%em 
The s t r u c t u r e  o l  the  modelled ,l.:r!r:lt~:m, 1.9. of t h e  e l e c t r i c  
power system and i ts  enwironmrnt , is  ~ b ~ j e c t i v e l y  descr ibed i n  
F ig ,  1. 
It i s  composed of subsysten~s  of cavern1 .types of power p l a n t s  
( conven t iona l  and s p e c i a l  t h e ~ m a l  power p l a n t s ,  nuclear  power 
p l a n t s ,  s t o r a g e  hydro p1ant.s and pump~d l-ydro p l a n t s ) ,  of t h e  
eubsystem of e l ec . t r j . c i ty  ~:.rg.ei~elniosi.on ,as w e l l  0s of t h a t  of 
e l e c t r i c i t y  consumption. 
It has  important  r e l a t i o n s h i p s  t o  some environment~al sub- 
systems ( t h e  subsystem o f  f u e l  supply, t h e  subsystem of t h e  complex 
use of water r e sources ,  silbsystemn of  c e n t r a l i z e d  heat  supply)  
and t o  t h e  e l e c t r i c  power systems of o the r  countr ies . .  
3. Technilcal r e a l i z s t i o n  of' me system-model - t h e  Multimodel of 
t h e  k l e c t r i c  power system 
-- 
An e f f e c t i v e  mewns o r  rnodellinc %ha system under cons ide ra t ion  
ie t h e  system of  models c a l l e d  ihe blultimadel of t h e  e l e c t r i c  power 
system. The principle 02' i t s  t e c h n i c a l  sea l . i za t ion  i s  t o  be seen 
i n  Fig.2, 
The Multimodel is based on using an ~ u t o m e t e d  da ta  base i n  
which a l l  t h e  fundamental t e c h n i c a l  and economical i n f  ormeti on ie 
concentrated, desc r ib ing  t h e  i n i t i a l  Stage and t h e  c ~ n d l t l o n s  of 
t h e  modelled system development, including t h e  p r 0 ~ 0 8 i 8  of t h e  
development of subsystems of its environment. A l l  the  d a t a  s t o r e d  
i n  the  base a re  divided i n t o  e f f e c t i v e l y  chosen d a t a  f i l e s .  
The modelled system i s  descr ibed i n  the  Multimodel by severa l  
models bas ing on a common s e t  of i n i t i a l  premises which regord t h e  
same system (even tua l ly  i t s  subsystems) from severa l  d i f f e r e n t  
but mutually completing p o i n t s  of view. The model system a s  A 
whole is an isomorphic d e s c r i p t i o n  of t h e  modelled system. The 
common mathemetical end l o g i c a l  formulat ion of t h e  sys tmmodels  is 
s t o r e d  i n  t h e  e x t e r n a l  memory of t h e  computer e s  a number of spe- 
c i a l i z e d  a lgor i thms.  
The models of t h e  Multimodel produce new information which 
is s t o r e d  i n  t h e  form of d a t a  f i l e s  i n  t h e  r e s u l t s  base of t h e  
Multlmodel. 
The s o l v i n g  of p a r t i a l  or complex problems of the  develop- 
ment of t h e  e l e c t r i c  power system is based on model experlmnntn- 
t ions .  
A necessary c o m m ~ i c a t i o n  i s  secured between the  models of 
t h e  Multimodel and between t h e  model nystem and t h e  environment 
( t h e  modeller) .  For the  management of t h i s  communic~tion a s p e c i a l  
high-level  problem-orientated language c a l l e d  EMS (Energy System 
Modelling) has been e leboratod.  Its i n a t r u c t l o n s  a r e  of t h r e e  
types  : 
- input  i n s t r u c t i o n s  enable  t h e  chosen d a t a  f i l e e  required 
f o r  t h e  operat ion of a p a r t i c u l a r  model t o  be taken from t h e  d o t e  
base ; 
- e s e t  of opera t iona l  i n s t r u c t i o n s  enables  a wide s c a l e  of 
model experiments t o  be def ined i n  the system using var ious  cnl-  
c u l a t i o n  techniques  ( l i n e a r  programming, non l inear  programming, 
s imula t ion  techniques  including t h e  Monte-Carlo method, e t c  . ) ; i t  
a l s o  enables  t o  choose t h e  range and t h e  requ i red  p r e c i s i o n  of 
experiments;  the  combination of "elementary" f 'unctions brought 
about by c o n t r o l  i n s t r u c t i o n s  permits  t h e  s o l u t i o n  of a wide s e t  
of "globelqQgools to r e t a i n e d  111 t h e  system; 
- ou tpu t  i n s t r b c t i o n s  d e f i n o  t h e  form (scope ,  d e p t h  end chn- 
r a c t e r )  o f  t h e  output  in-forrne.tion which ts c h a r a c t e r i s t i c  f o r  t h e  
r e s u l t  of t h e  model expe r imen t ,  
3 S t r u c - t t r e  sf t h e  'h!ultimode!. of t he  e l e c - t r i c  power system 
I n  Fig.3 i s  c h a r a c t e r i z e d  i n  more d e t a i l  t h e  s t r u c t u r e  of 
t h e  da.ta base ,  o f  .the r e s u i t s  base and of  t h e  proper system or' 
mathemat ica l  models. 
I n  t h e  d a t a  base is e de.l-.niled d e s c r i p t i o n  of t h e  numerical  
c h a r e t e r i s t i c s :  
- p r e d i c t i o n s  of t h e  developmen?; ;of s l l  subsystems of t h e  
environment of the rnodeiled system, 
- t e c h n i c a l  anri cconomicr~l  c h u r a c ' t e ~ l s t i c s  of a l l  e lements  
of t h e  subsyslems of" t!le generating bas i s  and o f  t h e  t r a n s m i s s i o n  
networks of t h e  modelled system (incPudinp: t h e  elements which coultl 
become a par-i; of .the! modelTed system d u r i n g  t h e  c a l c u l a t i o n  p e r i o d ) ,  
- pns 'smeters  of' t h e  s1;ochsst- i~ pleocss:j of t he  subsyotern of 
e l e c t r i c i t y  c  or,sump.ti on i n  t h e  modelled sys-tern. 
The b e s i c  models of  t h e  model ~ y s t e m  a r e  t h e  fo l lowing :  
(i) a l i n e a r i z e d  model of the e l a c t r i c  power system n s n  vhole 
t o  be used f o r  t h o  optimize'cion of its s t r u c t u r e  w i t h  r e s p e c t  t o  
.tho assumed development of the environment nnd t o  t h e  development 
of t h e  .technJ-col and ecmornicnl  posameters of  t h e  p r o s p e c t i v e  power 
system e l smen ta ;  
(ill 8 model of t h e  detralopnent of t h e  powor system r e n e r a t i n g  
basis which pe rmi t s  g e n e r a t i n g  t h e  t ime development of p a r t i c u l a r  
e l e c t r i c  power system s ' t r ~ ~ ' k l ~ e 8  and. I n t r o d u c i n g  any c o r r e c t i o n s  
i n t o  t h e  l e t t e r  ( " t o  buf ld"  new power p l a n t s  or t o  s h u t  them down 
i n  t h e  model) ,  d e f i n i n g  t h e  r e l i a b i l i t y  of t h e  e l e c t r i c  power 
system when. s a . t i s f y i n g  t h e  demands' of e l e c t r i c i t y  consumers (by 
:i i f f e r c n t  anal-ytf  c a l  methods o r  simu.latkon methods), f  l x i n g  t h e  
demands on meintenmce end g e n e r a t i n g  sample schedu les  f o r  t h e  
ove rhau l s  of genere'ti.ng un!. t s  ; 
( i i i )  a model of  'the p:rospective regime8 of t h e  e l e c t r i c  power 
sys tem which pe rmi t s  i n v e s t l a a t i n  t h e  most p robab le  ( t e c h n i c a l l y )  
end economically op t imm)  proepeot ive  regime8 of t h e  subsystem3 
end t h e  e lements  of' t h e  systems which a r e  " b u i l t  up" i n  t h e  model 
i n  any t imes  eedion of t h e  c a l c u l a t i o n  pe r iod )  ; 
( i v )  a model of t h e  development of  t r a n s m i s s i o n  networks 
which completes t h e  chosen "model s t r a t e g y "  of t h e  gene ra t ing  b a s i s  
development wi th  an adequate t r a n s m i s s i o n  network; 
( v )  a  m d e l  of economic phenomena p e r m i t t i n g  i n v e s t i g a t i o n  of  
t h e  t ime development of i n d i v i d u a l  typee  of  c o s t s  of t h e  develop- 
ment of t h e  e l e c t r i c  power nyotem and of i t s  subsystems i n  fu tu re  
end i n  p r e e e n t  v a l u e s ,  t o  ev2 luo te  t h e  economical e f f e c t i v e n e s s  
of t h e  v a r i a n t  under s t u d y , e t c .  
4. Informat ion  produced by t h e  model system 
I n  F i g s  . 4 ,5 ,6 ,7  is g r a p h i c a l l y  r e p r e s e n t e d  t h e  most important  
informot ion  b e i n s  produced by eo;ae modelo of  t h e  system. 
Fig.4 i l l u s t r a t e s  t h e  r e s u l t s  obta ined by the  l i n e a r  mcxlcl. 
I t  demonst ra tes  t h e  p o s i t i o n  oC i n d i v i d u a l  t ypes  of power p l a n t s  
i n  t h e  annua l  g e n e r a t i o n  d u r a t i o n  curve  r e s u l t i n g  from the k>rocess 
of  t h e  optimum choice  o f  t h e  e l e c t r i c  power system s t r u c t u r e  f o r  
t h e  g i v e n  y e a r  of  the  op t imiza t ion  pe r iod .  Fig.5 hns been de r ived  
from t h e  e n a l y s i e  of  s e v e r a l  i n t e r a c t i n g  s o l u t i o n s  end prcsr?nt,a 
e  view on the  development of  optimum propor t ions  of i n d i v i d u n l  
t y p e s  of power p l ~ n t s  ( i n c l u d i n g  t h e i r  u n i t  power ou tpu t s )  w i t h i n  
t h e  pe r iod  of  20  y e a r s .  The development is  e a t i s f a c t o r y  from the 
p o i n t  o f  view of the  develnpmont of t h o  environment, rnninly of  
primary energy sources ,  and from t h e  p o i n t  of view of economy i t  
i s  n e e r  the  optimum c t a t e ,  
I n  Fig.6 a r e  g r a p h i c a l l y  r e p r e s e n t e d  t h e  most i n p o r t e n t  r e -  
s u l t s  of t h e  e n n l y s i o  of t h e  r e l i a b i l i t y  index of t h e  e l e c t r i c  
Power system whose s t r u c t u r e  devolops  i n  t h e  above mentioned way 
depending on t h o  magnitude of  power r e s e r v e s  i n  t h e  system. 
P r o s p e c t i v e  regimes of'  t h e  i n v e s t i g a t e d  e l e c t r i c  power system 
s t r u c t u r e  on t h e  chosen day of t h e  development per iod  and f o r  the 
chosen msgnitude of power r e s e r v e s  a r e  d  ocumenteted i'n Fig.  7. 
There con be seen  a  probable  r o l e  of  i n d i v i d u e l  t y p e s  of  power 
p l a n t 8  i n  n a v e r i n g  a  p a r t i c u l a r  d a i l y  load  curve of t h e  w i n t e r  
working day.  
3 ,  Exper irnerito LLon w ~ t ~ ~ + - r ~ ~ ~ ~  
h cos.respondl.ng d n t a  base being a t  hand,  t h e  exper iments  
wil;h .the Mul t imode l .  ere  reduced, ' t o  J.!.atin,y the i n s t r u c t i o n s  o r  t he  
ESM lqnguo,ne and of t ' r . e j . ~  p n r ~ r i - e t e r ~ ,  A procedure  example is given 
i n  ? ? i . ~ . 8 ~  
6 . C onc!.us i or! 
-- . -. . . . . . .-. 
rn . L l ~ e  Xu!.-l;imodel :!.s 9 b.:.ghly e f f e c t i v e  rnoc'lc1 syntern proviclin: 
wj.de poss- i? ! i l i tes  cf e:ciic.i71menL3-n,? w i t h  t i le  model sys tem.  The 
u i ; i ' l i z a t i o r :  o f  I,?-ie d a t a  l jnso  (it:> c o n t e n t  is  being prepnrerl by 
A s p e c  inl ' isei l  t cn r i l )  reli.ec.i:s th2 modeller  of d a t a  
psepernt!.cn nni! extrnorc3innril .y i n c r e a s e z  t h e  r e l i a b i l i t y  nP t he  
- , ~ l c u l a t  , i o n  p r o c e s s ,  
T h e  M u ~ . t i m d e l  r e p r r , s e n t s  an S.mportont s t e p  i n  t h e  d i v l -  
sl.on o f  l.nbou-r. between t;hc: compu.kcr~ and man; t h e  ~ l g o r i t h m s  of 
the mode! tnlce f u l l .  c.arae of el_abo!-atlng !;he c a l c u l a t i o n  shape  
o f  t h e  mode l .  
The u t l l l z ~ t  i o n  of th? c o n ~ n u n i c a ~ f  on lnnguoge end of t h e  
d a t , ~  b a s e ,  ns  se1 . l  as secur ing  ' t h e  t n t e r n s l  cornrnunicotion i n  t h e  
mcdel ,  ensu re  a  cont,inuous n~~.n-computer-man i n t e r a c t i o n .  
T h e  Mii~?li.i.nodcl !-3 ~ e p n b l e  oP bej.i;g f u r t h e r  developed,  e.g. 
i n  spp!.yifl~ i t  i n  t h e  f i e l d  of t h e  h i s t o r i c a l  d a t e  t r e r ~ t m e n t ,  i n  
p r e p a r i n g  t h e  prngnosifl of t h e  dovelopment of envi ronmenta l  sub- 
systems and of t h e  subsystein of e 1 e a t : r i e i t y  consump t i o n ,  i n  t h e  
mode1l.l.n.g of t h e  complex e n e r a  supp ly  and of l n rgc - scn le  i n t e r -  
connect.ions o f  t he  e l e c t r i c  power syskemg of many c o u n t r i e s ,  a s  w e l l .  
as  i n  rnodell:!ng -the j.nfluence of power p l a n t s  on t h e  environment. 
Some work i n  % h i s  d i r e c t i o n  has a l r e a d y  been s t a r t e d .  

F i g .  2 

Fig. 4 
CT - gas t u r b i n e  u n i t s  
PilP - pwllped nt,orage plant.8 
Si-;P - s t o r q d  hydro p l n n t v  
THE' - c o n v e n t i o n a l  thermal  power p l a n t s  
NP - ~ u c l e a r  powoi- p l a n t 3  
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Fig.  5 
THP - conventional thermal power plants 
NP - nuclear plants 
GT - gas turbine units  
PHP - pumped hydro plants 
SHP - storage hydro plants 
KPP - heating power plants 
Fig. 6 
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I n s t r u c t  i o n  "PRLPfutX"  i n t r o d u c e s  a  
p o u ?  of  i n p u t  coiniiinsnds. 
Data f i l e s  symboli c o l l y  marked Tm, 
l i l D  7nd coded by a nurneric:~l code 
a r e  t aken  froni the d:jtn base.  
The l e t t e r  P f o l l o w i ~  tht: : ; ~ I I ~ ' > O -  
l i c o l  nome of t h e  f i l e  i n d i c n t e s  
t h e  i n f o r ~ n e t i o n  t o  be taker1 from 
.tho punchei".t!3pt:. 
O p e r n t i o n a l  i n s t r u c t i o n  activates 
'ihe a l g o r i t h a  vihich c e n e r ; ,  tc:? t h e  
4 development  of t he  cene rn t i n ; :  
b a s i s  i n  t h e  pe r iod  1975-1 9130 
accord in^ t o  t h e  g i v e n  paromc t c r s  
Output  i n s t r u c t i o n  mnking t h e  link. 
p r i n t e r  p r i n t  a  d e t a i l e d  power 
ba l ance  f o r  1980.  
On t h e  l i n e  p r i n t e r  nppenrs  s l i s t  
of  power p l a n t s  i n ? i c n t i n : j  t h e  
t e r m s  o f  t h e i r  buildin,o; g ~ n c r a t e d  
bjr t h e .  i n s t r u c t i o n  "DEVELOP': 
A schedu le  of power p l a n t  ove rhau l s  
w i l l  be g e n e r a t e d  f o r  1960.  
By means o f  t h e  Monte-Carlo method 
t h e  r e l i e b i l i t y  i ndex  of t h e  e l e c t -  
r i c  power sys tem d u r i n g  t h e  chosen 
weeks w i l l  be inveo  t i g n t e d  . 
Ina t ruc t J .  on "OIJTPUT" i n t r o d u c e s  3 
p o u p  of ou tpu t  commands. 
On t h e  t a p e  puncher  appea r  t h e  d s t s  
o f  t h e  g e n e r a t i n g  u n i t  overh, iul  sche-  
du l e  . 
The computer w e i t s  f o r  f u r t h e r  i n -  
struoti one. 
D i s c u s s i o n  
M r .  Manne (IIASA) had a  q u e s t i o n  a b o u t  t h e  p r e s e n t  v a l u e  
c r i t e r i o n .  H e  asked  what d i s c o u n t  r a t e  t h e y  u s ed  n u m e r i c a l l y .  
M r .  Lencz r e p l i e d  t h a t  t h e y  u s ed  a  d i s c o u n t  r a t e  o f  10%. One 
d e l e g a t e  t h e n  a sked  i f  t h i s  model had been u s ed  i n  any d e c i s i o n  
making p r o c e s s .  M r .  Lencz s a i d  t h a t  t h e  model i s  u s ed  a s  a  
b a s i s  f o r  t h e  d e c i s i o n  making i n  t h e  M i n i s t r y  o f  Energy and 
Fue 1. 
Another  d e l e g a t e  a sked  whe the r  t h e  model c o u l d  become 
f u l l y  a v a i l a b l e  t o  IIASA. M r .  Lencz answered i n  t h e  a f f i r m a -  
t i v e .  
Another  p a r t i c i p a n t  i n q u i r e d  whether  t h e y  have  compared 
t h e i r  model w i t h  any  o t h e r  e x i s t i n g  models .  M r .  Lencz r e p l i e d  
t h a t  t h e y  have some e x p e r i e n c e  w i t h  l i n e a r  programming models  
and  a l s o  w i t h  s i m u l a t i o n s  models.  F i n a l l y ,  he  s t r e s s e d  t h a t  
t h e  combina t ion  of t h e s e  two m o d e l l i n g  t e c h n i q u e s  a s  t h e y  u s e  
it now comes up t o  be  s a v i n g  computing t i m e  and  a l s o  r e p r e s e n t -  
i n g  r e a l i t y  more p r e c i s e l y  i n  t h e  p l a n n i n g  h o r i z o n .  
M r .  Modemann (FRG) a sked  i f  t h e  subprograms shown i n  f i g -  
u r e  1 - - a n d  t h e r e  a r e  many - - a r e  a l l  i n t e r a c t i n g  a t  t h e  same 
t i m e .  M r .  Drahny r e p l i e d  t h a t  a t  t h e  moment t h e y  a r e  t r y i n g  
t o  improve t h e  d i f f e r e n t  submodels  t o  g e t  a  c o m p a t i b l e  sys tem.  
Up t o  now most  of t h e s e  models  have  been u s ed  s e p a r a t e l y .  
M r .  H a f e l e  a sked  what  i n p u t  d a t a  t h e y  u s e d  n u m e r i c a l l y  f o r  
t h e  n u c l e a r  f u e l  c y c l e ,  which means what r e p r o c e s s i n g  c o s t  t h e y  
u s ed  etc .  M r .  Drahny s a i d  t h a t  t h e y  u s e  t h e  d a t a  which a r e  
a v a i l a b l e  i n  t h e  CSSR f o r  t h e  LWR; f o u r  o f  them a r e  unde r  con- 
s t r u c t i o n  now. The d a t a  c o n c e r n i n g  t h e  f u t u r e  p l a n t s - - e a c h  
w i t h  1000 MW/block--are i n  a cco r dance  w i t h  p r o g n o s t i c  s t u d -  
ies t h a t  have a l r e a d y  been done.  
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U . S . ENERGY POLICY AND ECONOlilIC GROhTTH , 1975-2060 
Edward A .  Hudson and Dale W .  Jorgenson 
The dramat ic  i n c r e a s e  i n  world petroleum p r i c e s  a s s o c i a t e d  wi th  
t h e  ~ r a b ' o i l  embargo o f  October 1973 h a s  h i g n l i g h t e d  t h e  need f o r  a  new 
approach t o  t h e  q u a n t i t a t i v e  a n a l y s i s  o f  eco~orn ic  p o l i c y .  Econometric 
models i n  t h e  Tinbergen-Klein mold have proved t o  be very  u s e f u l  i n  
1 
s t u d y i n g  t h e  impact o l  economic p o l i c y  on a g g r e e s t e  demand. A t  t h e  
same t ime  t h e s e  models do not  provide a n  adequa te  b a s i s  f o r  a s s e s s i n g  
t h e  impact o f  economic p o i i c y  on supp1.y. Input-output  a n a l y s i s  i n  t h e  
form o r i g i n a t e d  by L e o n t i e f i s  u s e f u l  f o r  a v e r y  a e t - i i l e d  a n s l y s i s  of  supply ,  
p r e d i c a t e d  on a  f i x e d  technology a t  any p o i n t  of' t i r n e .  I n u u t - o ~ t p u t  
a n a l y s i s  does n o t  p rov ide  a  means o f  assess in i ;  the  impact of  chsnges in 
t echnology  induced by p r i c e  v a r i a t i o n s  a s s o c i b t i d  wi th  changes i n  ezononic 
p o l i c y .  
The purpose o f  t h i s  paper  i s  t o  p r e s e n t  a  new apu1-oach t o  t h e  qusn- 
t i t a t i v e  a n a l y s i s  o f  U.S. energy p o l i c y . 3  This  approach is based on an 
i n t e g r a t i o n  o f  econometr ic  mcdel ing and input -ou tpu t  a n a l y s i s  acd 
i n c o r p o r a t e s  a n  e n t i r e l y  new methodology f o r  a s s e s s i n g  t h e  impact o f  
economic p o l i c y  on supply .  We combine t h e  de te rminants  o f  energy demand 
and supply  w i t h i n  t h e  same framework and r e l a t e  p a t t e r n s  of  U.S. economic 
growth t o  b o t h  demand and supply .  Our approach can  be used t o  p r o j e c t  U.S. 
economic growth and energy u t i l i z a t i o n  f o r  any proposed U .  S .  
energy policy. It can be employed to study the impact of specific 
policy changes on energy demand and supply, energy price and cost, energy 
imports and exports, and on U.S. economic growth. 
The first component of our framework for energy policy analysis 
is a macro-econometric growth model. The complete model ccnsists of 
endogenous business and household sectors and exogenous foreign ar?d 
government sectors. The chief novelty of our growth rnadel is the inte- 
gration of demand and supply conditions for consumption, investment, 
and labor. The model is made dynamic by links between investment and 
changes in capital stock and between capital service prices and changes in 
investment goods prices. The model determines the compcnents of 
gross national income and product in real terms and also detexmines 
their relative prices. 
Our approach to the analysis of macro-economic activity can be 
contrasted with the analysis that underlies macro-econonetric models used 
for short-term forecasting. Short-term forecasting is based on the 
projection of demand by foreign and government sectors and the determina- 
tion of the responses of households and businesses in the form of demagds 
for consumption and investment goods. The underlying economic theory 
is essentially the Keynesian multiplier, made dynamic by introducing 
lags in the responses of households and businesses to changes in income. 
In short-term macro-econometric models the supply side is frequently 
1, 
absent or present in only rudimentary form. Our approech integrates the 
determinants of demand employed in conventional macro-econometric models 
with the determinants of supply. 
The second component of our framework for enerpJ policy analysis 
i s  a n  ec0nornetri.c model o f  i n t e r - i n d u s t r y  t r a n s a c t i o n s  f o r  n i n e  
domest ic  i n d u s t r j . e s .  We have sub-divided t h e  b u s i n e s s  s e c t o r  of t h e  U.S. 
economy i n t o  n i n e  i n d u s t r i a l  groups i n  o r d e r  t o  p rov ide  f o r  t h e  d e t a i l e d  
a n a l y s i s  of t h e  impact o f  U . S .  energj. PO.--icy on t h e  s e c t o r s  most d i r e c t l y  
a f f e c t e d  by p o l i c y  changes,  The n ine  s e c t o r s  inc luded  i n  t h e  model a r e :  
1. Agr icu l t ,u re ,  non-fuel  mining,  and c o n s t r u c t i o n .  
2. danufac tur i  n g ,  e:icluding petroleum p r o d u c t s .  
3. T r l n s p o r t a t i o n .  
4. C o m ~ l r l i c a t i o n . ~ ,  t r ~ d e  , and s e r v i c e s .  
5. Cool mining.  
6.  Crude petroleum and n a t u r a l  gas .  
7.  Petroleum r e f i n i n g  and r e l a t e d  i n d u s t r i e s .  
8. E l e c t r i c  ; ~ . t i l l t i e s .  
9 .  Cas u t i l i t i e s .  
Our i n t c r - - 5 n d u s t r y  model i n c l u d e s  a  model of denrlnd f o r  i n p u t s  and supply  
o f  o u t p u t  f o r  each o f  t h e  n i n e  i n d u s t r i a l  s e c t o r s .  The model i s  c l o s e d  
by S:.:.lnce e q u a t i o n s  between demand and supply f'or t h e  p roduc ts  o f  each 
o f  t h e  n i n e  s e c t o r s .  
The p r i n c i p a l  i n n o v a t i o n  o f  our  i n t e r - i n d u s t r y  model i s  t h a t  t h e  
input -ou tpu t  c o e f f i c i e n t s  are t r e a t e d  as endogenous v a r i a b l e s  r a t h e r  t h a n  
exogenously g i v e n  parameters .  Our model. f o r  producer  behavior  de te rmines  
t h e  input -ou tpu t  c o e f f j c i e n t s  laor each o f  t h e  n i n e  s e c t o r s  l i s t e d  above 
ss f i i n c t i o a s  o f  t h e  p r i c e s  o f  p roduc ts  o f  a l l  s e c t o r s ,  t h e  p r i c e s  o f  l a b o r  
and c a p i t a l  s e r y i c e s ,  and t h e  p r i c e s  o f  competing impor t s .  W e  de te rmine  
t h e  p r i c e s  o f  a l l  n i n e  p r o d u c t s  and t h e  m a t r i x  o f  input -ou tpu t  
c o e f f i c i e n t s  s i n ~ u l t a n e o u s l y .  I n  cot:vcntional input -ou tpu t  a r la lys i s  
t h e  technology o f  each s e c t o r  i s  t aken  a s  f i x e d  at  any po in t  o f  t ime.  
P r i c e s  a r e  determined a s  f u nc t i ons  o f  t h e  input-output  c o e f f i c i e n t s ,  
b u t  t h e  input-output  c o e f f i c i e n t s  themselves a r e  t r e a t e d  a s  exogenously 
g iven  parameters .  Our approach i n t e g r a t e s  convent iona l  input-output  
a n a l y s i s  w i t h  a  de te rmina t ion  o f  t h e  s t r u c t u r e  o f  technology through 
models o f  supply  f o r  each i n d u s t r i a l  s e c t o r .  
Given a framework t h a t  i nco rpo ra t e s  t h e  de te rminants  o f  demand 
and supply  f o r  energy i n  t h e  U.S. economy, our  f i r s t  o b j e c t i v e  i s  t o  
provide  a r e f e r e n c e  p o i n t  f o r  t h e  a n a l y s i s  o f  energy p o l i c y  by es tab-  
l i s h i n g  d e t a i l e d  p r o j e c t i o n s  o f  demand and supply ,  p r i c e  and c o s t ,  and 
impor t s  and e xp o r t s  f o r  each o f  t h e  n ine  i n d u s t r i a l  s e c t o r s  inc luded  
i n  o u r  model. For t h i s  purpose we p r o j e c t  t h e  l e v e l  o f  a c t i v i t y  i n  each 
i n d u s t r i a l  s e c t o r  and r e l a t i v e  p r i c e s  f o r  t h e  products  o f  a l l  s e c t o r s  
f o r  t h e  y e a r s  1975-2000. Our p r o j e c t i o n s  i nc lude  t h e  l e v e l  o f  r a c ro -  
economic a c t i v i t y  i n  t h e  U.S. economy and t h e  ma t r i x  o f  input-output  
c o e f f i c i e n t s  f o r  each y e a r .  P r o j e c t i o n s  f o r  t h e  f i v e  i n d u s t r i a l  s e c t o r s  
t h a t  form t h e  energy s e c t o r  o f  t h e  U.S. economy provide  t h e  b a s i s  f o r  
t r a n s l a t i n g  ou r  d e t a i l e d  p r o j e c t i o n s  i n t o  t h e  energy ba lance  framework 
t h a t  h a s  become convent iona l  i n  t h e  a n a l y s i s  o f  p a t t e r n s  of  energy 
u t i l i z a t i o n .  5 
Our i n t e r - i n d u s t r y  approach imposes t h e  same cons i s t ency  r equ i r e -  
ments ae t h e  energy ba lance  approach,  namely, t h a t  demand i s  equal  t o  
supply; i n  ~ h y s i c a l  t e rms  f o r  e ach  t y p e  of  energy.  I n  a d d i t i o n ,  ou r  
approach r e q u i r e s  t h a t  demand and supply  a r e  c o n s i s t e n t  w i th  t h e  same 
s t ~ c t u r e  o f  energy p r i c e s .  This  a d d i t i o n a l  cons i s t ency  requirement  i s  
a b se n t  from energy ba lance  p r o j e c t i o n s  and r e q u i r e s  t h e  i n t e g r a t i o n  o f  
energy  ba lance  p r o j e c t i o n s  w i t h  p r o j e c t i o n s  o f  energy p r i c e s .  Our 
i n t e r - i n d u s t r y  model p rov ides  a  menns o f  combining t h e s e  p r o j e c t i o n s  
w i t h i n  a  framework t h a t  a l s o  i n c l u d e s  p r i c e s  and i n t e r - i n d u s t r y  t ransac t ion : :  
f o r  t h e  s e c t o r s  t h a t  consume b u t  do n o t  produce energy.  
To i l l u s t r a t e  t h e  a p p l i c a t i o n  of  our  model t o  t h e  a n a l y s i s  o f  
U.S. energy  p o l i c y  we have ana lyzed  t h e  e f f e c t s  o f  t a x  p o l i c i e s  t o  
s t i m u l a t e  energy c o n s e r v a t i o n  on t h e  f u t u r e  p a t t e r n  o f  ener j i j  u t i l i z a -  
t i o n .  Our methodology f o r  p o l i c y  a n a l y s i s  b e g i n s  wi th  a s e t  o f  p ro jec-  
t i o n s  t h a t  eszurne no ~ n a j o r  new d e p a r t u r e s  i n  e l e r g y  p o l i c y .  We t h e n  
p r e p a r ?  an a l t e r n a t i v e  s e t  o f  p r o j e c t i o n s  i n c o r , o r a t i n g  t h e  proposed 
change i n  p o l i c y .  I n  ana lyz ing  t h e  impact of  :ctx p o l i c y  we have incor -  
p o r a t e d  t h e  e f f e c t  o f  energy t a x e s  on demand an? .;jlpply f o r  e n e r g j .  
Wc f i n d  t h a t  p r i c e  i n c r e a s e s  p rov ide  t h e  ecoiiorni,- i -ncen t ive  f o r  t h e  
a d o p t i o n  o f  energy c o n s e r v a t i o n  measures t h a t  w i l l  r e s u l t  i n  c o n s i d e r a b l e  
s a v i n g s  o f  energy .  Tax p o l i c i e s  o r  o t h e r  measurcs t o  i n c r e a s e  t h e  p r i c e  
of energy c o u l d  r e s u l t  i n  U.S. independence from energy  i n p o r t s  by 1985. 
We p r e s e n t  o u r  macro-econometric growth model i n  S e c t i o n  2 o f  
t h e  paper .  We t h e n  o u t l i n e  our  model f o r  i n t e r - i n d u s t r y  t r a n s a c t i o n s  
i n  S e c t i o n  3. I n  S e c t i o n  4 we p r e s e n t  econometr ic  models of  producer  
b e h a v i o r  f o r  each  of  t h e  n i n e  s e c t o r s  inc luded  i n  our  i n t e r - i n d u s t r y  
model. I n  S e c t i o n  5  we p r e s e n t  p r o j e c t i o n s  o f  economic a c t i v i t y  and 
energy  u t i l i z a t i o n  f o r  t h e  p e r i o d  1975-2000. I n  S e c t i o n  6 we d i s c u s s  a  
tcui pl'ogram Tor s t i n ~ l r i t i r . g  e:lorgjF csnrcr-::t13r. an? ~ l i r - i z . - t i ~ n  !?PC- 
of t h e  U.S. economy on energy  impor t s .  
2. Growth Model 
2.1. Introduction 
.The first component of our framework for energy policy analysis is a 
model of long-term U.S. economic growth. Our approach to the explanation 
of economic growth is closely related to the neo-classical theory of 
economic growth.6 The building blocks of our model are sub-models of 
household and production sectors and sub-models of foreign and govern- 
ment sectors. The behavior of the household and production sectors is 
endogenous to the model, while the behavior of foreign and government 
sectors is exogenous. 
Economic growth results from the link between current capital 
formation and future productive capacity. In our model this link is 
provided by a macro-econometric production function, relating the output 
of consumption and investment goods to the input of capital and labor 
services. Preferences between present and future consumption, which 
determine the allocation of income between saving and consumption, 
complete our model of economic growth. 
Our macro-econometric growth model of the U.S. economy provides 
for the simultaneous determination of the values of products and factors 
of production in both current and constant prices. The model links dema~lci 
for capital formation by savers to the supply of investment goods by 
producers. Similarly, the model links demand for consumption goods and 
5.ypig sf r a u d ,  - . t -- services 5y kol~set!cl.ls tn  supply o f  consumption goods 
and demand for.labor by producers. Finally, given the supply of capital 
stock, the demand for capital services determines the overall rate of 
return to capital. 
The theory of U.S. economic growth that underlies cur macro- 
econome-Lric growth model is ' theory of the behavior of 'the private 
sector of the U.S. economy. The behevior of the foreign and government 
sectors is taken to be exogenous. Demographic trends -- the growth 
of population, lnbor force, and unemployment -- are also exogenous to 
the model. The rnain determinant of growth in productivity is chpital 
formation. Growth in produc+,ivity over and above growth due to caoitel 
formation is exogenous to the model. We have projected denographic 
i:rends arld -trends in productivity growt,h on the basis of past-war 
experience in the United States. 7 
2.2. Variables 
-.- 
Our eco!iometric gro-dh model is sum7lar:ized in the following series 
of -La.bles. In Table 1 we present our notn+.icn for the variables that 
appear in the modei. The first group of variaules convert aggregares 
from one besls of classification to another. Por example, the index of 
total. factor productivity A converts input to output. The index of AW 
converts investment weights for capital formation to the weiahts sppro- 
priate for the measurement of wealth. All of -the aggregation variables 
are tzken to be exogenous. 
The second group of variables appearing in Table 1 comprises the 
quantities of products and factors of production, broken down by sector 
of origin and destination. Variables beginning with C are quantities 
2f c?nrvmy*ion gonds . Sirn+l er!.y2 var-i  5.bl es beqinninp with 1 are 
quantities of investment goods. Variables beginning with L are quantities 
of labor services, while variables beginning vtth K are quantities of 
capital services. The third group of variables includes prices 
Table 1. Macro-econometric growth model: notation. 
b - 
1. Aggregation variables. 
A Total factor priductivity (input to output). 
ACI Investment to change in business inventories, consumption goods. 
A1 Investment to capital stock. 
AL Investment to capital stock, lagged. 
AK Capital stock, lagged to capital service. 
APC Implicit deflator of consumption goods to implicit deflator 
of change in business inventories, consumption goods. 
AW Investment to wealth. 
Quantities. 
C Personal consumption expenditures, includtng services of 
consumers ' durables. 
CE Supply of consumption goods by government enterprises. 
ffi Government purchases of consumption goods. 
CI Change in business inventories of consumption goods. 
CR Net exports of consumption goods, less income originating, 
rest of the world. 
CS Supply of consumption goods by private enterprises. 
G Net claims on government. 
R Nec claims on resL of ;:ie vcrld. 
I Gross private domestic investment, including purchases of 
consumers ' durables . 
IG Government purchases of invcs tment goods. 
IR Net exports of investvent ~ o o J s .  
Continued 
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Table  1 (con t inued)  
IS Supply of inves tment  goods by p r i v a t e  e n t e r p r i s e s ' .  
E Supply of  l a b o r  s e r v i c e s .  
LD P r i v a t e  purchases  o f  l a b o r  s e r v i c e s .  
LGE Government e n t e r p r i s e s  purchases  of  l a b o r  s e r v i c e s .  
LGG Genera l  government purchases  of  l a b o r  s e r v i c e s .  
LH Time a v a i l a b l e .  
LJ L e i s u r e  t ime .  
kR Net e x p o r t s  of l a b o r  services. 
LU Unemployment. 
K C a p i t a l  s t o c k .  
KD C a p i t a l s e r v i c e s .  
3. P r i c e s .  
PC Tmpl i c i  t d e i l i n t o r ,  ~ e r s o n a l  consump t i o n  e x p e n d i t u r e s ,  i n c l u d i n g  
s e r v i c e s  of consumers'  durable: .  
PCE I m p l i c i t  d e f l a t o r ,  supply  of consumption goods by government 
e n t e r p r i s e s .  
PCG I m p l i c i t  d e f l a t o r ,  government purchases  o f  consumption goods. 
PCP I m p l i c i t  d e f l a t o r ,  change J.n b u s i n e s s  i n v e n t o r i e s  o f  consumption 
goods. 
PCR I m p l i c i t  d e f l a t o r ,  n e t  e x p o r t s  o f  consumption goods,  l e s s  income 
o r i g i n a t i n g ,  r e s t  of the world.  
PCS I m p l i c i t  d e f l a t o r ,  supply  o f  consumption goods by p r i ~ a t e  
e n t e r p r l u e s .  
PG I m p l i c i t  d e f l a t o r ,  n e t  c la ims  on government. 
PR I m p l i c i t  d e f l a t o r ,  n e t  c la ims  o n  r e s t  of  t h e  wor ld .  
P I  I m p l i c i t  d e f l a t o r ,  g r o s s  p r i v a t e  domes t ic  i n v e s t m e n t ,  i n c l u d i n g  
p u r c h a s e s  o f  consuncrs  ' dur,ables  . 
Continued 
Table 1 (concluded) 
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PIG Impl ic i t  d e f l a t o r ,  government purchases of investment goods. 
PIR -Implicit  d e f l a t o r ,  net  exports of investment goods 
PIS Impl ic i t  d e f l a t o r ,  supply of investment goods by 'pr ivate  
e n t e r p r i s e s .  
PL Impl ic i t  d e f l a t o r ,  supply of l abor  se rv ices .  
PLD Impl ic i t  d e f l a t o r ,  p r iva te  purchases of labor  se rv ices .  
PLCE Impl jc i t  d e f l a t o r ,  government e n t e r p r i s e s  purchases of l abor  
se rv ices .  
PLGG Impl ic i t  d e f l a t o r ,  general  government purchases of l abor  
se rv ices .  
PLR Impl ic i t  d e f l a t o r ,  ne t  expor ts  of l abor  se rv ices .  
PKD Impl ic i t  d e f l a t o r ,  c a p i t a l  se rv ices .  
4. Financia l  va r i ab les .  
D Rate of dzprecia t ion,  p r i v a t e  domestic tangible  a s se t s .  
M Rate of replacement, p r iva te  domestic tangible  a s se t s .  
N Nominal r a t e  of r e tu rn ,  p r i v a t e  domestic tangible  a s se t s .  
S Gross p r i v a t e  na t iona l  saving. 
W P r i v a t e  n a t i o n a l  wealth. 
5. Tax and t r a n s f e r  va r i ab les .  1 
EL Government t r a n s f e r  payments t o  persons,other than s o c i a l  insurance funds1 
TC Effec t ive  t a x  r a t e ,  consumption goods. 
TI E f f c c t i S ~ e  t ax  r a t e ,  investment goods. 
TK Effec t ive  t ax  r a t e ,  c a p i t a l  services .  
TL Effec t ive  t a x  r a t e ,  l abor  services .  
TP Effec t ive  t ax  r a t e ,  c a p i t a l  stock. 
cor responding  t o  t h e  q u a n t i t i e s  o f  p r o d u c t s  and f a c t o r s  o f  p roduc t ion .  
Each p r i c e  b e g i n s  w i t h  P and c o n t i n u e s  w i t h  t h e  cor responding  c u a n t i t y .  
For  example, t h e  v a r i a b l e  C i s  p e r s o n a l  consumption expertdi tures  and 
t h e  v a r i a b l e  PC i s  t h e  p r i c e  o f  p e r s o n a l  consumption e x p e n d i t u r e s .  
The f o u r t h  group o f  v a r i a b l e s  a r e  f i n a n c i a l  v a r i a b l e s :  r s t e s  o f  
d e p r e c i a t i o n  and rep lacement ,  t h e  nominal r a t e  o f  r e t u r n ,  g r o s s  p r i v a t e  
n a t i o n a l  s a v i n g ,  and p r i v a t e  n a t i o n a l  wea l th .  F i n a l l y ,  t h e  f i f t h  group 
o f  v a r i a b l e s  a r e  t a x  and t r a n s f e r  v a r i a b l e s .  The v a r i a b l e  EL r e p r e s e n t s  
government t r a n s f e r  payments t o  persons  o t h e r  t h a n  s o c i a l  insurance  
f u n d s ,  an e x p e n d i t u r e  c a t e g o r y .  The v a r i a b l e s  beg inn ing  w i t h  T a r e  t a x  
r a t e s .  Each o f  t h e  p roduc ts  and f a c t o r s  inc luded  i n  t h e  model -- 
consumption goods,  investment  goods,  c a p i t a l  s e r v i c e s ,  and l a b o r  
s e r v i c e s  -- i s  a s s o c i a t e d  w i t h  an e f f e c t i v e  t a x  r a t e .  The v a r i a b l e  TP 
is  t h e  e f f e c t i v e  t a x  r a t e  f o r  c a p i t a l  s t o c k .  
2.3. Equat ions .  
Next we p r e s e n t  t h e  e q u a t i o n s  f o r  o u r  macro-econometric g r o ~ i t h  
model. The model i n c l u d e s  f i v e  b e h a v i o r a l  e q u a t i o n s ,  d e s c r i b i n g  t h e  
b e h a v i o r  o f  household and b u s i n e s s  sec tors . '  The l e v e l  o f  household 
e x p e n d i t u r e  on-consumer goods and s e r v i c e s  i s  determined by t h e  wea l th  
and r e s o u r c e s  h e l d  by t h e  household s e c t o r ,  i n c l u d i n g  t h e  t ime  r e s o u r c e s  
h e l d  : 
where 
PC p i c e  o f  consumer goods and s e r v i c e s  f a c i n g  buyers  o f  t h e s e  
goods ( i m p l i c i t  d e f l a t o r  f o r  consumers goods)  
C quant i ty  of consumer goods and se rv ices  purchased by t h e  
household sec to r  
W(-1) = value of t h e  wealth ( t h e  value of both f i n a n c i a l  and r e a l  
a s s e t s )  held by t h e  household sec to r  a t  t he  beginning of 
the  year 
PL = pr ice  of labor  services  received by t h e  worker ( i m p l i c i t  
d e f l a t o r  f o r  l abor  se rv ices )  
LH = t o t a l  time ava i l ab le  t o  t h e  household sec to r  
EL = government t r a n s f e r  payments, o the r  than s o c i a l  insurance 
b e n e f i t s ,  t o  persons 
The desired amount of work input provided by t h e  household sec to r  
i s  determined by t h e  t o t a l  amount of t ime ava i l ab le ,  t h e  wage r a t e ,  and 
t h e  extent  of o ther  resources ava i l ab le  t o  the  household sec to r  i n  t h e  
form of wealth and t r a n s f e r  payments. 
where 
PL = i m p l i c i t  d e f l a t o r  f o r  labor  services  
L = supply of labor  se rv ices  by t h e  household sec to r  
w(-1) = t o t a l  p r iva te  wealth a t  t h e  beginning of t h e  year 
EL = government t r a n s f e r s ,  o the r  than s o c i a l  insurance  b e n e f i t s ,  
t o  persons 
LH = t o t a l  time ava i l ab le  t o  the  household sec to r .  
The demand f o r  l abor  i s  determined by t h e  t o t a l  l e v e l  o f  production, 
t h e  amount of c a p i t a l  s e rv ices  ava i l ab le ,  and t h e  r e l a t i v e  p r i c e s  of 
c a p i t a l  and l abor  se rv ices .  
where 
PLD = p r i c e  of l abor  services  t o  t h e  purchasing company 
( i m p l i c i t  d e f l a t o r ,  p r iva te  purchases of labor  se rv ices )  
LD = purchases of l abor  services  f o r  production i n  t h e  p r iva te  - 
sec to r  
PPKD = impl i c i t  p r i c e  d e f l a t o r  f o r  c a p i t a l  services  
KD = ava i l ab le  supply of c a p i t a l  s e rv ices .  
Output of investment goods i s  determined by t h e  p r i ce  of invest-  
ment goods, t h e  p r i ces  of c a p i t a l  services  and the  ava i l ab le  supply of 
c a p i t a l  s e rv ices ,  and t h e  amount of productive capacity being devoted 
t o  t h e  output c f  consumer goods and services .  
where 
PIS = impl i c i t  p r i c e  d e f l a t o r  f o r  t h e  supply of investment eoods 
by p r i v a t e  en te rp r i ces  
1s = sl19ply of investment, goods by the  p r iva te  sec to r  
PKD = impl i c i t  p r i c e  d e f l e t o r  f o r  c a p i t a l  services  
W = ava i l ab le  supply of c a p i t a l  services  
CS = output of consumption goods and services  by t h e  p r iva te  
sec to r .  
The output o f  production t h a t  t akes  p lace  i n  t h e  U.S .  p r i v a t e  
s e c t o r ,  whether of consumption o r  of investment goods, i s  l imi t ed  by the  
t o t a l  productive capaci ty  which i n  tu rn  depends on ava i l ab le  suppl ies  of 
ca$'.zl en? l%br ser-rice? ?E >r~11 a? nn the l ~ v e l  of technolow.  
where 
CS = output of consumption goods and services by the private 
sector 
IS = output of investment goods by the private sector 
KD = available supply of capital services 
LD = amount of labor services purchased by the privste sector 
A .= index of the level of technological and organizational 
knowledge. 
The behavioral equations of our macro-econometric growth model 
have been estimated from historical data for the United States for 
the period 1929-15~69.~ In addition to che five behavioral equations 
in the model includes accounting identities for capital stock, investment 
and capital services, for the value of input and output, for saving an5 
wealth, and for the value of consumption goods, investment goods, capital 
semices, and labor srevice. These accounting identities incorpsrate 
the bud~et constraints for household and business sectors and the flaw of 
each product and factor of production in current prices. 
The model is completed by balance between demand and supply of 
products and factors of production in constant prices and by aggregation 
equations that determine inventory accumulation of consumption goods. 
Although gross private domestic investment is determined in the model, 
the allocation of investment between fixed investment and inventory 
accumulation is not determined in the model. An allocation between 
inventory accumuiation in th= f6 i .m  of ?onc.x&;tion g c o i r  PC! o t h e r  cornynp- 
ents of gross private domestic investment is required for the balance 
between demand and supply of consumption and investment goods. In Table 
2 we present the equations for our macro-econometric growth model in tabu- 
lar fom. 
Table 2. Macro-econometric growth model: equations. 
5 - 
I.  Behavioral equations.  
Inves-tment supply: 
: 1.1717 - 0.5006 * ( log CS - l og  IS).  
Labor demand: 
PLD * LD = 1.5655. FKD * KD 
Production p o s s i b i l i t y  f r o n t i e r :  
0 = -log KD - 1.5655 * log LD + 1.3938 * log CS - 2.5655 * l o g  A 
+ 1.1717 * log IS + 0.2503 * ( log CS - log IS) ** 2. 
Consump t i o n  demand: 
Leisure  demand: 
PL * W 0.0196 * W(-1) + 0.8403 * (PL * LH + &). 
2. Accounting i d e n t i t i e s :  
Cap i t a l  s tock  and investment: 
Cap i t a l  s e r v i c e  and c a p i t a l  stock: 
Value of output  and input:  
PIS * IS + PCS * CS 5 PKD * KD + PLD * LD. 
Continued 
T a b l e  2. ( c o n t i n u e d )  
Va lue  o f  consumpt ion  goods: 
( 1  + TC) * PCS * CS + PCE * CE 
= PC * C + PCG * CG + PC1 * C I  + PCR * CR. 
V a l u e  o f  i n v e s t m e n t  goods:  
(1 + T I )  * P I S  * I S  + PC1 * CI - P I  * I + FIG * I G  + PIR * IR.  
v a l u e  o f  c a p i t a l  s e r v i c e s :  
(1 - TK) * (PKD * KD - TP * PI ( -1 )  * AW(-1) * K ( - 1 ) )  
m N * PI(-1) * AW(*i) * K(-1) + D * PI * AL *-i:(-1) 
+ PI(-1) * AW(-1) * K(-1) - P I  * AL * K(-1). 
V a l u e  o f  l a b o r  s e r v i c e s :  
(1 -TL) * (PLD * LD + PLGE * LGE + PLGG * LGG + PLR * LR) PL * L. 
Sav ing :  
S P I  * I + PC * (C - C(-1)) + PR * (R - R(-1)).  
Weal th:  
W m P I * A W * K + P C * G + P R * R .  
3. B a l a n c e  e q u a t i o n s .  
Consumption:  
C S +  CE = C +  C G + C I  + CR. 
C o n t i n u e d  
Table 2 .  (concluded) 
Investment : 
IS + CI = I + 1G + IR. 
Time : 
LH = L + L J .  
Labor: 
L  = LD +LGE + LGG + LR + LU. 
4 .  Aggregation equations. 
Implicit  def lator ,  change i n  business inventories,  consumption goods: 
PC1 - PC * APC. 
Change i n  business i n v e r ~ t o r i e ~ ,  consumption goods: 
PC1 * CI = PI * I * ACI. 
In Table 3 we present a list of the variables that are endogenous 
to the model -- prices and quantities of consumption, investment, 
labor and capital, and the nominal rate of return, saving, and wealth. 
Table 3 also includes a list of variables exogenous to the model -- 
aggregation variables, demand by government and foreign sectors and their 
prices for consumption and investment goods anf for labor and ce?ital 
services, and government tax rates and transfer payments. Finally, 
Table 3 includes lagged endogenous variables -- capital stock, the 
price of investment goods, and wealth. 
T a b l e  3. Macro-econometric growth model: c l a s s i f i c a t i o n  o f  variables 
Endogenous -var.i a b l e s :  
C, C I ,  CS, I ,  I S ,  L, LD, LJ, K, KD, PC, PCI, PCS, P I ,  P I S ,  PL, 
PLD, N ,  S ,  W 
Exogenous v a r i a b l e s  : 
A, ACI, AI , ,AL,  AK, APC, AW, CE, CG, CR, G, R, I G ,  IR, LGE, LGG, 
LH, LR, LU, PCE, PCG, PCR, PG, PR, PIG, PIR, PLGE, PLGG, PLR, 
PKD, D, M,  TC, T I ,  TK, TL, TP, EL 
Lagged endogenous v a r i a b l e s :  
K(-11, P I ( - I ) ,  W(-1) 
3. Inter-Industry Model 
3.1. Introduction. The second component of our framework for 
energy policy analysis is a model of inter-industry transactions for nTne 
domestic industries of the United States. The nine sector of the model 
were chosen to provide for detailed analysis of the impact of U.S. 
energy policy on the sectors most directly affected by policy cha~ges. 
The nine sectors included in the model are: 
Agriculture, non-fuel mining, and construction. 
Manufacturing, excluding petroleum products. 
Transportation. 
Communications, trade, and services. 
Coal mining. 
Crude petroleum and natural gas. 
Petroleum refining and related industries. 
Flectric rrtili t,ips. 
Gas utilities. 
Our inter-industry model consists of balance equations between 
supply and demand for the products of each of the nine sectors included 
in the model. The model also includes accounting identities between the 
value of domestic availability of these products and the sum of vaiues of 
intermediate input into each industry, value added in the industry, 
and imports of competing products. Demands for the products include 
demands for use as inputs by each of the nine aectors included in the model. 
The rest of domestic availability is allocated among four categories of 
final demand: personal consumption expenditures, gross private domestic 
investment, government expenditures, and exports. 
In the model for projecting energy demand and supply we take the 
levels of final demand for a11 industries from the macro-econcmetric model. 
Second, for the five energy sectors of the model we take the price and 
quantity of imports to be exogenous. For the four non-energy sectors 
we take the prices of imports as exogenocs and determine import quan- 
tities along with the quantities of capital and labor services in each 
industry.'' The prices of capital end labor services are determined 
within the macro-econometric model. We take the quantities of exports 
and government purchases of the output of each industry as exogenous. 
We also take the allocation of investment aaong the industries of origin 
to be exogenous. 
Our inter-industry model consists of models of producer behavior 
for each of the nine industries inc1ud.A in the model. Producer behavior 
in each industry can be characterized by input.-i,utput coefficients for 
the input of products of each of the nine sec-tqrs, inputs of capital and 
labor services, and, for the four non-energy sectors, the level of 
competitive imports. The essential novelty of our nodel of producer 
behavior is that the input-output  coefficient,^ are endogenous. The 
input-output coefficients are determined together with the prices of 
the outputs of each sector in the application of our inter-industry model 
to the projection of energy demand and supply. 
An inter-industry approach to the study of energy resources is 
essential since most energy is consumed as an intermediate rather than a 
final product of the economy. Examples of intermediate products wQuld be 
fossil fuels consumed by the electric generating sector. Exm.p1es of final 
products would be gasoline and heating oil consumed by the household and 
government sectors. Energy balance models used in most previous work 
project levels of both intermediate and final demand. The novelty of 
our approach is that energy balances are projected within a framework that 
also includes energy and non-energy prices. Most projections ~f energy 
balances ignore the effects of price changes on patterns of energy 
utilization. 
Given the prices of domestic availability of the output of ea.ch 
sector fncluded in our nodel, we determine the allocation of personal 
consumption expenditures among commodity groups distinguished in the model, 
using our model of consumer behavior. Personal consumntion expenditures 
include deliveries to the household sector by eight of the nine sectors 
included in our inter-industry model of the producing sector. There are 
no direct deliveries of crude petroleum and natural gas to personal con- 
sumption expenditures. These products are delivered first to the petroleum 
refining and gas utility sectors and then to personal consumption 
expenditures and to other categories of intermediate and finai demand. 
Personal consumption expenditures also include ncn-competitive 
imports and the services of dwellings and consumers' durables, The levels 
of personal consumption expenditures on each of the eleven commodity 
groups included in our model of the household sector are determined from 
the projected level of personal consumption expenditures from the macro- 
econometric model, from the prices of domestic availability of the output 
of each sector included in the inter-industry model, and from the prices 
of non-competitive imports, consumers' durables services, and hcusing 
services. The price of non-competitive imports is taken tc; be exogenous. 
The capital service price8 for consumers' durables services and housing 
~ervices are determined from the price of capital services determined 
in the macro-econometric model. 
The equations representing the balance of demand and supply for 
each of the nine sectors of the inter-in9ustry model set domestic 
availability equal to the sum of intermediate demands and final demand. 
Intermediate demands are dete-mined simultaneously ~ 5 t h  the levels of 
output of each industry, given input-output coefficients determined in 
the model of producer behavior. The input-output coefficients are de- 
termined simultaneously with the prices of domestic availability of the 
output of each industry. Finally, levels of capitsl and labor services 
for all sectors and competitive imports for the four non-energy sectors 
are determined from the levels of domestic avillability and the corres- 
ponding input-output coefficients. These levels can be compared with 
the levels projected in the macro-econometric model. 
-3.2.- Inter-industry Transactions. 'cle first describe our mods1 
of inter-industry transactions and then outline the application of this 
model to the projection of energy demand and supply; our notation is 
as follows: 
XIJ = intermediate demand for the output of industry I by 
industry J ; 
YI = final demand for the output of industry I; 
XI = domestic availability of the output of industry I; 
PI = price of the output of industry I. 
To simplify the notation we take the price of the output of each industry 
to be the same in all uses. The deflators for each category of intermediate 
and final demand can differ. In projecting energy demand and supply we 
take the ratios of the deflator for the individual categories of demand 
to the deflator for domestic availability of output of the industry to be 
exogenous. 
The inter-industry model consists of equality between dercand and 
supply for each of the nine sectors included in the model. The balance 
equations for the nine sectors are: 
In addition, the model includes accounting identities between the value 
of domestic availability and the sum of values of intermediate innut into 
the industry, value added in the industry, and, for t.he four-non-energy 
sectoi-s. the iz;?ortz 3f '303p~3+ trig prodiict..~ : 
where : 
KI = quantity of capital services in industry I; 
LI = quantity of labor services in industry I; 
RI = competitive imports of the out put of industry I; 
PK = price of capital services; 
PL = price of labor services; 
PRI = price of competitive imports of the output of industry I. 
Again, p r i c e s  of c a p i t a l  and l abor  services  can d i f f e r  mong indus t r i e s .  
To s impl i fy  nota t ion we t ake  t h e  p r i ces  of these  ~ r o d u c t i v e  f a c t o r s  t o  
be t h e  same i n  a l l  i ndus t r i e s .  In  projec t ing ene rg j  demand and supply we 
t ake  the  r a t i o s  of service  p r i ces  f o r  each indust ry  t o  t h e  corresponding 
p r i c e s  from the  macro-econometric model t o  be exogenous. 
Our in ter - indust ry  model includes models of producer behavior f o r  
each o f  t h e  nine i n d u s t r i a l  s ec to r s  included i n  t h e  model. These models 
of producer behavior can be derived from   rice p o s s i b i l i t y  f r o n t i e r s  f o r  
the  nine sec to r s :  
where A 1  ( I=1 ,2  ... 9 )  i s  an index of Hicks-neutral technical  change i n  
indust ry  I.  The p r i ce  p o s s i b i l i t y  f r o n t i e r  f o r  each sec to r  can be derived 
from p r i c e  p o s s i b i l i t y  f r o n t i e r s  f o r  each of t h e  th rep  sub-models 
emoloyed i n  our ana lys i s  of production s t ruc tu re :  12 
1. a morlel g i v i n ~  t h e    rice of output as a function of p r i ces  of 
four  aggregate inputs  i n  each sec to r  -- c a p i t a l  (K), labor  ( L ) ,  energy ( E ) ,  
and ma te r i a l s  (M); 
2. a model g iv ing t h e  p r i ce  of aggregate energy input i n  each 
s e c t o r  as. a  function o f  the  p r i ces  of the  f i v e  types of energy included 
i n  t h e  model -- coa l ,  crude petroleum and na tu ra l  gas ,  ref ined petroleum 
products,  e l e c t r i c i t y , a n d  gas a s  a product of gas u t i l i t i e s ;  
3. a model giving t h e  p r i c e  of aggregate non-energy input i n  each 
s e c t o r  a s  a funct ion of t h e  p r i ces  of zne r i v e  types uf narr-sllerc Iri,~: 
i n t o  each s e c t ~ r  -- a g r i c u l t u r e ,  manufacturing, t r anspor t a t ion ,  c o m ~ n i -  
c a t i o n s ,  and, f o r  t h e  four  non-energy sec to r s ,  competi t ive imports. 
Given the prices of capital services. labor services, and competitive 
imports in each of the $our non-energy sectors, we can determine the 
prices of domestic availability of output PI (1=1,2 . . .9 ) for all nine 
sectors. To determine these nrices we solve twrnty-seven equations for 
prices of domestic availability, prices of aggregate energy input, and 
prices of aggregate non-energy input into all nine sectors. This system 
of twenty-seven equations consists of three equations for each sector. 
These three equations correspond to production possibiiity frontiers 
for each of the three sub-models for each sector. In these ccmputations 
we are making use of a nonsubstitution theorem of the type first 
discussed by samuelson.12 This theorem states that for given prices of 
the factors of production and competitive imports, the prices of domestic 
availability of the output of sach sector are independent of the 
composition of final demand. 
The second step in our analysis of inter-industry transactions is 
to derive input-output coefficients for each of the nine inauszriai aeczors 
included in our inter-industry model. The input-output coefficients can 
be expressed as functions of the prices. First, the relative share of 
the jth intermediate input can be determined from the identity: 
where AJI is the input-output coefficient corresponding to X J I ;  it 
represents the input of the output of industry J per unit of output of 
industry I. Similar identities determine the relative shares of capital 
and labor services and competitive imports. 13 
Second, we can divide the relative shares by the ratio sf the 
price of domestic availability of the outout of the Jth industry PJ 
to the price for the Ith industry PI to obtain the input-cutput coefficients: 
and : 
KI 
- =AKI(P~,P~ ... P~;PK,PL,PRI) , 
XI 
For each industry we derive the input-output coefficients in two 
steps: First, we determine the input-output coefficients for the aggregzte 
inputs -- capital (K), labor (L), energy (E), and materials (M). 
Second, we determine the input-output coefficients for the input of each 
type of energy input per unit of total energy input and the input of 
each type of non-energy input per unit of total non-energy input. To 
obtain the input-output coefficients required for our inter-industry 
model we multiply the input-output coefficients for each type of energy by 
the input-output coefficient for total energy. Similarly, we multiple 
the input-output coefficients for each type of non-energy input by the 
input-output coefficient for total non-energy inpuc. We obtain input- 
output coefficients for capital services, labor services, five types of 
ener'a in~uts ,into each sector and give types of non-energy inputs into 
each sector. 
The input-out~ut coefficients for each of the nine industrial 
sectors included in our model of inter-industry transactioils are functions 
of the prices of capital services, labor services, and competitive 
imports for the four non-energy sectors and the prices of domestic 
availability of the output of each of the nine sectors. The prices 
of domestic availability are functions of the prices of capital services, 
labor services, and competitive imports for the ?om non-energy sectors. 
Ry the nonsubstitution theorem both prices of domestic availability and 
input-output coefficients are independent of the composition of Final 
demand. 14 
3.3. Final demand. Final denand for domestic availability of 
the output of each of the nine sectors included in our inter-industry 
model is allocated among personal consuzption expenditures, gross private 
domestic investment, e;overnment expenditures, and exports. In projecting 
enerEy demand and supoly we 'ake aggregate levels of each category of 
final demand from our macro-economic projections. We allocate personal 
consumption expenditures among the nine sectors included in our model, 
employing aggregate ~ersonal consumption expenditures as total expenditures, 
on the basis of the prices of domestic availability of the output of all 
nine sectors. Government expenditures and exports of the output of each 
sector are exogenous. Imports of the out~ut of the five energy sectors 
are also exogenous so that we include only exports net of imports in final 
demand for these sectors. We t e e  aggregate private domestic investment 
from our macro-economic projections. We take the relative proportion of 
investment in the output of each industrial sector included in our inter- 
indust-ry model to be exogenous. 
The final step in determining the level and composition of inter- 
industry transactions is to determine the levels of output, employment, 
and utilization of capital for each of the nine industrial sectors included 
in our nodel and competitive imports for the four non-energy sectors 
included in the model. This part of our model coincides with conventional 
input-output analysis. Given the input-output coefficients for all 
nine sectors, we can determine the level cf output f3r each sector f3r 
any given levels of final demand for the output of all nine sectors. 
We present projected matrices of inter-industry transactions in energy for 
the years 1975, 1985 and 2000 in Section 5 below. We also present 
projections of energy prices for each year. 
Final demand for domestic availability of the output of eech of 
the nine sectors included in the model is allocated among consumotjon, 
investment, government ex~enditures, and ex~orts: 
CI = personal consumption expenditures on the output of industry i; 
I1 = gross private domestic investment in the output of industry I 
(the sum of gross private fixed investment and net inventory 
change ) ; 
GI = government expenditure on the output of industry I; 
ZI = exports of the output of industry I (exports less im~orta for 
the five energy sectors). 
In our model for projecting energy demand ana suppiy we c u e  tae 
levels of final demand for all industries from the macro-economic pro- 
jections. We link our inter-industry model to our macro-econometric 
model through the identities: 
The values of personal consumption expenditures PC*C, gross private 
domestic investment PI*I, government expenditure PC*G, and exports 
PZ*Z from the macro-econometric model are set equal to the sums ~f 
each of these categories of expenditures over all nine in6ustries included 
:n the inter-industry model. 
In the macro-econometric model government expenditures Gn goods 
and services are divided into two parts: 
where 
IG = quantity of government expenditures on investment goods; 
CG = quantity of government expenditures on consumption goods; 
PIG =   rice of government expenditures on investment goods; 
PCG = price of government expenditures on consumption goods. 
In making projections cf energy demand and supply we project total 
government expenditures in current and constant prices. Government ex- 
penditures on goods and services are exogenous to the macro-econqrnetric 
model. We then allocate total government expenditures among the nine 
industry groups included in the inter-industry model. 
In our macro-econometric model net exports of goods and services 
are taken to be exogenous. For the purposes of projecting energy 
demand and supply we divide net exports between im~orts and exports, 
allocate exports among the nine industry groups included in the model, 
and project the prices of competitive imports for each of the nine 
sectors of the model. Since net exports in current and constsnt ~rices 
are exogenous to the zacro-econometric model, this change in the 
treatment of net exports does not alter the structure of the complete 
model. In projecting energy demand and supply we take the prices of 
imports for each industrial sector together with levels of capital and 
labor services for each sector. 
We project gross private domestic investment in current and constsnt 
prices in our macro-econometric model. To project energy demand and 
supply we allocate gross private domestic investment among the nine 
industry groups included in the model. The relative proportions of invezt- 
ment originating in each sector is taken to be exogenous. In a completely 
dynamic model the allocation of investment by sector of origin and sector 
of destination would be endogenous. Our macro-econometric model incorporates 
the dynamics of saving and investment only in the projection of total 
investment. The allocation of capital by sector of destination is 
endogenously determined, but the allocation of investment by sector cf 
origin in exogenous. 
The final step in determining final demand for the domestic 
availability of the output of each sector included in our inter-industry 
mode1.i~ to allocate personal consumption expenditures among the products 
of the nine sectors included in the model and expenditures on non- 
competitive imports and the services of consumers' durable~, which are 
not included among the products of the nine sectors. For this purpcse 
we employ an econometric model of consumer behavior. This model is based on 
an indirect utility function that can be represented in the form:" 
where V is the level of utility, PI is the price of the Ith comodity, 
and PC*C is total personal consumption expenditures. There are eleven 
commodity groups included in our model of consumer behavior: one for 
each of the nine industri&lsecf,ors, excluding crude petroleun~ ?.nd nntural 
;;2s, 3nzsLng, C C ~ ~ ~ C P E  ~f C O ~ S ~ I ~ C ~ ?  ?r r hl P S  ~ n d  nnn.-c~m~)~t.itiv~ imn0rt.s. 
For each comodity grcup we take the budget sh~re to be fixed. 
This assumption corresponds to a linear logarithmic indirect utility 
function. The quantity demanded for each of the eleven commodity groups 
included in our model of consumer behavior is a function of the prices 
of the corresponding commodity group and the level of total personal 
co?lsumption expenditures. We determine the level of total personal con- 
smption expenditures in our macro-econometric model. We detenr.ine the 
prices of domestic 3vailability of the output of each sector in the 
inter-industry model from our models of producer behavior, Given total 
expenditures and the prices, we can determine the quantities demanded 
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of the output of each sector of the model for personal consumption 
expenditures. 
Final demand for all nine industrial sectors included in our inter- 
industry model is the sum of final demands for personal consumption 
ex~enditures, gross private domestic investment, goverm.ent expendi- 
tures, and exports. We add personal consumption expenditures for the 
output of communications, trade and services, less housing, to personal 
consumpticn expenditures for housing to obtain personal consurr,c%ion 
expenditures on comunications, trade and servizes. Otherwise, there 
is a direct correspsndence between commodity groups in our model of 
consumer behavior end the sectors included in our inter-industry model. 
Given all final demands, the prices of domestic availability of the output 
of each sector and the matrix of input-output coefficients, we can 
determine the matrix of inter-industry transactions in both current arid 
constant prices. 
The equat.ions representing the balance 0:' demand and sapply for 
each of the nine industrial sectors included in our inter-indnstry 
model can be preresented in the form: 
9 
W = C XIJ + YI 
J=1 
The input-output coefficients {AIJ) are determined together with the 
prices of domestic availability of the output of each industry (PI). 
Given prices end the level of aggregate personal. consumption expenditures, 
the levels of personal consumption expenditures {CI) are determined. 
The remaining components of final demand (II,GI,ZI} arc projected by 
industry of origin. These projections are consistent with levels of 
gross private domestic investment, government expenditures and exports 
from our macro-econometric model. 
In matrix form the demand and supply balance equation for the 
model can be represented as: 
where x and y are vectors of outputs and final demmds: 
and A is the matrix of input-output coefficients: 
Levels of domestic availability of the out pi^^ of each sector are obtained 
by solving this system of equations : 
We refer to the matrix (I-A)'~ as the matri* of final demand multipliers. 
Levels of capital and labor senices and competitive imports are 
determined from the levels of domestic availability and the correspondir.g 
input-output coefficients: 
The input-output coefficients aor capital and labor szrvices and 
com?etitive imports are functions of the prices of the outputs of the 
nine sectors included in our inter-industry model, the prices of capital 
endlabor services and the prices of competitive imports for the four 
non-energy sectors of the nodel. 
4. Producer  Behavior .  
4.1. I n t ro du c t i o n .  Our i n t e r - i n d u s t r y  model inc ludes  models 
of  producer  behavior  f o r  each of t h e  n ine  i n d u s t r i a l  s e c t o r s  inc luded  
i n  t h e  model.16 These models o f  producer  behavior  can  be de r i ved  from 
t h e  p r i c e  p o s s i b i l i t y  f r o n t i e r s  f o r  t h e  corresponding sec to l - s .  The 
input-output  c o e f f i c i e n t s  f o r  i n t e rmed ia t e  i npu t s  and f o r  i n p u t s  of 
c a p i t a l  s e r v i c e s ,  l a b o r  s e r v i c e s ,  and compet i t ive  imports  f o r  t h e  non- 
energy s e c t o r s  a r e  f i n c t i o n s  o f  t h e  p r i c e s  o f  domestic e v a i l a b i l i t y  
of  t h e  o u t p u t  o f  each s e c t o r ,  t h e  p r i c e s  of  c a p i t a l  and l a b s r  s e r v i c e s ,  
and t h e  p r i c e  o f  compet i t ive  imports  f o r  t h e  non-energy s e c t o r s .  These 
f u n c t i o n s  a r e  t h e  r e l a t i v e  demand func t i ons  o f  our  model o f  producer  
behavior ;  t h e y  e x p re s s  t h e  demand f o r  each i npu t  r e l a t i v e  t o  t h e  l e v e l  
o f  o u t p u t .  The l e v e l  o f  ou tput  o f  each s e c t o r  i s  determined by t h e  
composition of  f i n a l  demand. The r e l a t i v e  demands f o r  i npu t  arid t h e  
p ~ i c e s  cf ? c n c s t i c  n v e i l s b l l i t y  gf t h e  out,put o f  each s e c t o r  a r e  
independent  of  f i n a l  demand, depending on y  on t h e  p r l c eo  of  t h e  f a c t o r s  
of p roduct ion  and t h e  p r i c e s  of  compet i t ive  imports  f o r  t h e  non-energy 
s e c t o r s .  
I n  implementing an econometric model o f  producer  behavior  based 
on t h e  p r i c e  p o s s i b i l i t y  f r o n t i e r  our  primary o b j e c t i v e  i s  t o  exp lo r e  t h e  
i n t e r - r e l a t i o n s h i p s  between r e l a t i v e  demand f o r  energy and r e l a t i v e  
demand f o r  c a p i t a l  s e r v i c e s ,  l a b o r  s e r v i c e s ,  and non-energy i n p u t s .  
S i m i l a r l y ,  we wish t o  e x p l o r e  t h e  i n t e r - r e l a t i o n s h i p s  among r e i a t i v e  
demands f o r  t h e  f i v e  t y p e s  of energy inc luded  i n  ou r  model -- c o a l ,  
c rude  petroleum and n a t u r a l  g a s ,  r e f i n e d  petroleum products ,  e l e c t r i c i t y ,  
and gas ns a product of gas utilities. We have imposed a structure 
on the mice possibility frontier that permits us to deal with relative 
demand for energy as a whole and relative demands for the five types 
of energy included in our model as two separate problems. 
To construct a model of the inter-relationship of relative demand3 
for energy, capital services, labor services, and non-energy inguts, we 
first define groaps of inputs that are aggregates of the twelve inputs 
included in our model of inter-industry production structure. These 
commodity groups are: 
1. Capital (K). 
2. Labor (L). 
3 ,  Lnergy (E). This group consists of inputs of coal, crude pet- 
roleum and natural gas, refined petroleum products, electricity, and 
gas as a product of gas utilities. 
4. idaterials ( M ) .  This group consists of inputs of agriculture, 
manufacturing, transportation, comunications, trade and services, and 
competitive imports for the non-energy sectors. 
ble first construct a nodel for producer behavior in terms of the 
four aggregates -- capital, labor, energy, and materials. We represent 
the price of domestic availability of the output of each sector as 
a function of the prices of each of the aggregates. A sufficient condition 
for the price possibility frontier to be defined on the prices of the four 
aggregates is that the overall price possibility frontier is separable 
and homogeneous in the inputs within each aggregate.17 The price possi- 
bility frontier is separable in the commodities within an aggregate if 
and o n l y  i f  t h e  r a t i o  o f  t h e  r e l a t i v e  s h a r e s  of  any two commodities 
w i t h i n  an aggrega te  i s  independent o f  t h e  p r i c e s  o f  commodities o u t s i d e  
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t h e  a g g r e g a t e .  For example, t h e  f i v e  types  o f  energy make up an 
a p p r o p r i a t e  aggrega te  i f  t h e  r e l a t i v e  v a l u e  s h a r e s  o f  any two t y p e s  o f  
energy depend o n l y  on t h e  p r i c e s  o f  energy and no t  on t h e  p r i c e s  o f  
non-energy i n t e r m e d i a t e  i n p u t s  o r  t h e  p r i c e s  o f  c a p i t a l  and l a b o r  s e r v i c e s .  
The second s t e p  i n  c o r ~ s t r u c t i n g  a nods: o f  p rcducer  b e h s ~ r i c r  
i s  t o  r e p r e s e n t  t h e  p r i c e  p o s s i b i l i t y  f r o n t i e r  f o r  t h e  energy and 
m a t e r i a l s  aggrega tes  a s  f u n c t i o n s  o f  t h e  p r i c e s  o f  i c p u t s  t h e t  make up 
each o f  t h e  a g g r e g a t e s .  For t h e  energy aggrega te  t h e  p r i c e  o f  energy 
i s  r e p r e s e n t e d  a s  a f u n c t i o n  o f  t h e  p r i c e s  o f  t h e  f i v e  types o f  energy  
t h a t  nake up t h e  aggrega te  -- c o a l ,  c rude  petroleum and n a t u r a l  g a s ,  
r e f i n e d  petroleum p r o d u c t s ,  e l e c t r i c i t y ,  and gas  a s  a p roduc t  o f  gas  
u t i l i t i e s .  For t h e  m a t e r i a l s  a g g r e g a t e  t h e  p r i z e  of  m a t e r i a l s  i s  
r e p r e s e n t e d  a s  a f u n c t i o n  o f  t h e  f i v e  t y p e s  of  i n p u t s  t h a t  !rake up t i ?e  
a g g r e g a t e  -- a g r i c u l t u r e ,  manufac tur ing ,  t r a n s p o r t a t i o n ,  communicatisns, 
t r a d e ,  and s e r v i c e s ,  and c o m p e t i t i v e  impor t s  f o r  t h e  non-energy s e c t o r s ,  
4 .2 .  Econometric s p e c i f i c a t i o n .  The system o f  r e l a t i v e  demand 
m c t i o n s  employed i n  o u r  econometr ic  model o f  producer  behavior  f c r  each 
o f  t h e  n i n e  i n d u s t r i a l  s e c t o r s  o f  our  model i s  g e n e r a t e d  f r o n  t h e  p r i c e  
p o s s i b i l i t y  f r o n t i e r  f o r  t h e  cor responding  s e c t o r .  For each o f  t h e  
t h r e e  sub-models t h a t  make up our  model o f  producer  behsv ior  we r e p r e s e n t  
t h e  p r i c e  p o s s i b i l i t y  f r o n t i e r  by a f u n c t i o n  t h a t  i s  q u a d r a t i c  i n  t h e  
l o g a r i t h m s  o f  t h e  p r i c e s  o f  t h e  i n p u t s  i n t o  t h e  s e c t o r .  The r e s u l t i n g  
p r i c e  p o s s i b i l i t y  f r o n t i e r  p rov ides  a l c c a l  second-order approximation t o  
any p r i c e  p o s s i b i l i t y  f r o n t i e r .  We f e r e r  t o  our representa t ion  a s  t h e  
t ranscendenta l  logar i thmic  p r i c e  p o s s i b i l i t y  f r o n t i e r  o r ,  more simply, 
t h e  t r a n s l o g  p r i c e  p o s s i b i l i t y  f r o n t i e r .  The p r i c e  p o s s i b i l i t y  f r o n t i e r  
i s  a  t ranscendenta l  funct ion  o f  t he  logari thms of t h e  p r i ces  of inputs .  
The t r a n s l o g  p r i c e  p o s s i b i l i t y  f r o n t i e r  was introduced by Christensen,  
Jorgenson, and Lau. 19 
As an exm.ple, t h e  p r i c e  p o s s i b i l i t y  f r o n t i e r  f o r  t h e  aggregate 
( w )  sub-model t akes  t h e  form: 
where PK i s  t h e  p r i c e  of c a p i t a l  s e rv i ces ,  PL t h e  p r i c e  of labor  se rv i ces ,  
PE t h e  p r i c e  of energy, and PM t h e  p r i c e  of ma te r i a l s .  For t h i s  form 
of t h e  p r i c e  p o s s i b i l i t y  f r o n t i e r ,  t h e  equations f o r  t h e  r e l a t i v e  shares  
of t n e  four  input  aggregates i&e the  ; U ~ I L L .  
where K I  i s  t h e  que.n.tity of  c a p i t a l  s e rv i ces  i n  t h e  I t h  s e c t o r ,  LI 
t h e  quan t i t y  of  l abo r  s e r v i c e s ,  EI t h e  quan t i t y  of  energy i n p u t ,  and 
M I  t h e  quan t i t y  of ma te r i a l s  i npu t .  20 
-The dependent va r i ab l e  i n  each o f  t h e  four  funct ions  generated 
from t h e  t r a n s l o g  p r i c e  p o s s i b i l i t y  f r o n t i e r  i s  t h e  r e l a t i v e  share  of 
t h e  corresponding input .  To der ive  t h e  input-output c o e f f i c i e n t  f o r  
t h a t  i npu t ,  we d iv ide  t h e  r e l a t i v e  share  by t h e  r a t i o  of  t h e  p r i c e  of  
t h e  input  t o  t h e  p r i c e  of  t h e  output  of  t h e  s e c t o r .  For example, i t ~ e  
input-output c o e f f i c i e n t s  f o r  c a p i t a l  s e r v i c e s  a r e :  
KI AKI = - XI 
Simi l a r  express ions  can be obta ined  f o r  t h e  input-outpat  c o e f f i c i e n t s  f o r  
l abo r  s e r v i c e s ,  energy, and m a t e r i a l s .  
The va lue  of  domestic a v a i l a b i l i t y  o f  t h e  output  o f  each s e c t o r  
is equal  t o  t h e  sum of  t h e  va lues  of  c a p i t a l  and l abo r  s e r v i c e s  i n  t h a t  
s e c t o r  and t h e  va lue  of  energy and non-energy inpu t s  i n t o  t h e  s e c t o r :  
Given t h i s  accounting i d e n t i f y ,  t h e  r e l a t i v e  sha re s  o f  t h e  fou r  aggregate 
i n p u t s  i n t o  each s e c t o r  add t o  un i ty .  The parameters of  t h e  four  r e l a t i v e  
demand f 'unctions f o r  c a p i t a l  and l abo r  s e rv i ces  and energy and non-energy 
inpu t s  must s a t i s f y  t h e  r e s t r i c t i o n s :  
Given e s t i m a t e s  o f  t h e  parameters  o f  any t h r e e  e q u a t i o n s  f o r  t h e  
r e l a t i v e  s h a r e s ,  e s t i m a t e s  o f  t h e  parameters  o f  t h e  f o u r t h  eoua t ion  can 
be  determined from t h e s e  r e s t r i c t i o n s .  
The l o g a r i t h m  o f  t h e  p r i c e  p o s s i b i l i t y  f r o n t i e r  f o r  e s c h  s e c t o r  
i s  t w i c e  d i f f e r e n t i a b l e  i n  t h e  l o g a r i t h m s  o f  t h e  p r i c e s  o f  i n p u t s ,  s o  t h a t  
t h e  Hess ian  o f  t h i s  f u n c t i o n  is symmetric. This  g i v e s  r i s e  t o  a s e t  of 
r e s t r i c t i c ~ s  r e l a t i n g  t h e  parpmetprs c f  c r o s s  p a r t i a l  d e r i v a t i v e s .  For 
t h e  a g g r e g a t e  (KLEM) sub-model t h r e e  o f  t h e s e  r e s t r i c t i o n s  a r e  e x p l i c i t  
i n  t h e  t h r e e  e q u a t i o n s  we e s t i m a t e  d i r e c t l y ,  namely: 
I I I I n  a d d i t i o n ,  w e  e s t i m a t e  t h e  parame.ters Bm,  Bm, and Bm (1=1,2. .  .9) 
from t h e  e q u a t i o n s :  
so that three additional symmetry restrictions are implicit in the 
equations we estimate, namely: 
For each of the nine industrial sectors, the aggregate (KLM) sub-mocel 
involves six symmetry restrictions. 
The price possibility frontier for each sector is homogeneous 
of degree one; proportional changes in the prices of all inputs result 
in a proportional change in the price of output. Homogeneity of the 
price possibility frontier is implied by the symmetry restrictions out- 
lined above and the restrictions implied by the accounting identity 
between the value of output and the value of input. In the absence of 
the symmetry restrictions and the restrictions implied by the accounting 
identity between the value of output and the value of input, the aggregate 
(KiAi )  E U ' ~ - ~ C < C ~  involves twcnty cnknown ~sr~meters. Taking these 
restrictions ipto account, we reduce the number of unknown parameters to 
nine. 
We have preeented t,he aggregate  (KLEM) sub-model of  our model of 
producer behavior i n  d e t a i l .  The forms of t h e  energy ( E )  and Mater ia ls  
( M )  sub-models a r e  analogous t o  t h e  form o f  t h e  aggregate sub-model. 
For t h e  energy sub-model we can w r i t e  t h e  t r a n s l o g  p r i c e  p o s s i b i l i t y  
f r o n t i e r  i n  t h e  form: 
where PE1 i s  t h e  p r i c e  o f  c o a l ,  PE2 t h e  p r i c e  of crude pe t ro leun and 
n a t u r a l  ga s ,  PE3 t h e  p r i c e  of r e f ined  petroleum  product*^, P E ~  t h e  p r i ce  
of  e l e c t r i c i t y ,  and PE5 t h e  p r i c e  of  gas a s  a product of  gas u t i l i t i e s .  
S imi l a r ly ,  we can w r i t e  t h e  t r a n s l o g  p r i c e  p o s s i b i l i t y  f r o n t i e r  f o r  
t h e  n a t e r i a l s  sub-model i n  t h e  form: 
(1=1,2.. .9) , 
where PM1 is  t h e  p r i c e  o f  a g r i c u l t u r e ,  non-he1 mining, and cons t ruc t ion ,  
PM2 the price of manufacturing, excluding petroleum refining, FM3 the 
price of transportation, P M ~  the price of communications, trade and 
services, and PM5 the price of competitive imports. 
For both energy (E) and materials :M) sub-models ve can derive 
a system of five equations for determining the relative shares of the 
five commodity groups making up each sub-nodel. Each equation gives 
the relative share of one of the commodity grocp; as s f-nction of 
the prices of all five groups included in the sub-model. We can derive 
the relative demand functions for each commodity group by dividing the 
relative value share of the group by the ratio of the price of that 
group to the price of the corresponding aggregate. For example, to 
derive the demand for coal relative to total energy we divide the relative 
velue share of coal by the ratio of the price of coal to the price oi 
total energy. We can derive the input-output coefficient for coal by 
multiplying the demand for coal relative to total energy by the demand 
for energy relative tc the output of the corresponding industrial sector. 
The velue of each aggregate is equal to the sum of the values of 
the commodity groups that make up that aggregate. For exanple, the value 
of energy is equal to the sum of the values of each of the five types of 
energy: 
vhere E1I is the quantity of coal, E21 the quantity of crude petroleum 
and natural gas, E3I the quantity of refined petroleum products, E ~ I  the 
t h e  q u a n t i t y  o f  e l e c t r i c i t y ,  and E51 t h e  q u a n t i t y  o f  g a s  a s  a  pr0duc.t 
o f  g a s  u t i l i t i e s .  A s  b e f o r e ,  t h e  r e l a t i v e  s h a r e s  o f  t h e  f i v e  energy i n p u t s  
add t o  u n i t y ,  s o  t h a t  t h e  parameters  o f  t h e  f i v e  r e l a t i v e  demand f u n c t i o n s  
f o r  t h e s e  i n p u t s  must s a t i s f y  r e s t r i c t i o n s  analogous t o  t h e  r e s t r i c t i o n s  
g i v e n  above f o r  t h e  parameters  of' t h e  a g g r e g a t e  (KLM) sub-model. S i m i l a r  
r e s t r i c t i o n s  ho ld  f o r  t h e  f i v e  r e l a t i v e  demand f u n c t i o n s  f o r  non-energy 
i n p u t s .  
4 . 3 .  P a r a i e t e r  estimn.tion_. For  each o ?  t i le nine i n d u s t r i a l .  s e c t o r s  
inc luded  i n  our  i n t e r - i n d u s t r y  model o f  t h e  :reduction s t r u c t u r e  t h e  
aggrega te  (KLEM) sub-milel  c o n s i s t s  o f  f o u r  eauLt ions .  We f i t  t h e  t h r e e  
e q u a t i o n s  f o r  r e l a t i v e  s h v r e s  o f  c a p i t a l  !K!, l a b o r  ( L , ) ,  arid energy ( E ) .  
The r e l a t i v e  s h a r e s  o f  m a t e r i a l s  (M) can  be  &. c ~ m i n e d  from t h e s e  t h r e e  
e q u a t i o n s  and t h e  account ing  i d e n t i t y  bccve? t h e  v a l u e  o f  o ~ t p u t  and 
t h e  v a l u e  o f  i n p u t .  Taking i ~ t o  ecco=?t 7;:' . . , j .  .ne t ry  res t r i c t ion : ;  on t h e  
p;-&.ctcrs zf +,he t h r e e  eq~.isl9-+fnn~ ~f 1 ,!p 8o.l -. i., .i .p (KLEb l )  sub-model, t h e  
number of  unknown parameters  t o  be  c s - i ; i n ~ t ~ i i  i s  r e d - x e d  t o  n i c e .  Taking 
convexi ty  r e s t r i c t i o n s  i n t o  account  wlierc a p p r o p r i a t e ,  we f u r t h e r  reduce  
21 t h e  number o f  unknown parameters .  
For  f o u r  o f  t h e  i n d u s t r i a l  s e c t o r s  inc luded  i n  o u r  i n t e r - i n d u s t r y  
model t h e  e n e r a  ( E )  sub-model c o n s i s t s  o f  f i v e  e q u a t i o n s  f o r  t h e  r e l a t i v e  
s h a r e s  of  c o a l ,  c rude  petroleum and n a t u r a l  g a s ,  r e f i n e d  petroleun! p r o d u c t s ,  
e l e c t r i c i t y ,  and g a s  a s  a produc t  o f  gas u t i l i t i e s .  These f o u r  s e c t o r s  
a r e  : 
1. A g r i c u l t u r e ,  non-fuel mining,  and c o n s t r u c t i o n .  
2. Manufacturing,  e x c l u d i n g  petroleum r e f i n i n g .  
4. Comunications,  t r a d e ,  and aervices .  
7. Petroleum re f in ing .  
For t h e s e  i n d u s t r i a l  s ec to r s  we f i t  t h e  four  equations f o r  r e l a t i v e  
shares  of c o a l ,  crude petroleum and n a t u r a l  gas,  r e f ined  petroleum 
products ,  and e l e c t r i c i t y .  The r e l a t i v e  share  of gas a s  a product of 
gas u t i l i t i e s  can be determined from these  four  equations and t h e  account- 
i ng  i d e n t i t y  between the  t o t a l  value of energy and t h e  sum o f  t h e  values 
o f  t h e  f i v e  types  o f  energy. 
For t h e  four  i n d u s t r i a l  s ec to r s  l i s t e d  above t h e  energy (E) sub- 
model involves s i x  symmetry r e s t r i c t i o n s  i n  t h e  four  equations we es t imate  
d i r e c t l y  and four  add i t iona l  r e s t r i c t i o n s  t h a t  a r e  i m p l i c i t  i n  t hese  
equat ions  and t h e  accounting i d e n t i t y  f o r  t h e  t o t a l  va lue  of energy. 
I n  t h e  absence of t hese  r e s t r i c t i o n s  and t h e  r e s t r i c t i o n s  implied by t h e  
accounting i d e n t i t y ,  t h e  energy (E) sub-model f o r  t h e  four i n d u s t r i a l  
s e c t o r s  involves t h i r t y  unknown parameters. Taking these  r e s t r i c t i o n s  
i n t o  account,  we reduce t h e  number o f  unknown parameters t o  four teen .  
For four  o f  t h e  i n d u s t r i a l  s e c t o r s  included i n  our  in ter - indus t ry  
model t h e  energy (E) sub-model c o n s i s t s  of  four  equations f o r  r e l a t i v e  
sha res  o f  fou r  types  of energy. For t r a n s p o r t a t i o n ,  c o a l  mining, and 
e l e c t r i c  u t i l i t i e s  t h e  r e l a t i v e  share  of crude petroleum and n a t u r a l  gas 
i s  zero .  For gas u t i l i t i e s  t h e  r e l a t i v e  share  of e l e c t r i c i t y  is zero.  For 
t h e s e  f o u r  s e c t o r s  fhe form o f  t h e  energy (E) sub-model is analogous t o  
t h e  form o f  t h e  aggregate (KLEM) sub-model. We f i t  t h r e e  equations f o r  
t h e  r e l a t i v e  sha res  of  t h r e e  type8 of energy, excluding t h e  equation f o r  
t h e  r e l a t i v e  sha re  of gaa a s  a product of  gas u t i l i t i e s .  The r e l a t i v e  
sha re  o f  gas can be  determined from t h e  accounting i d e n t i t y  f o r  t h e  t o t a l  
v a l u e  of energy.  h'e fii; t h e s e  t h r e e  e q u a t i o n s  s u b j e c t  t o  symmetry 
r e s t r i c t i o n s  so  t h a t  t h e  number o f  unlcnovn parameters  i s  reduced t o  n i n e .  
For  t h e  c rude  petroleum and n n t ~ l r a l  gas s e c t o r  o f  o u r  i n t e r - i n d u s t r y  
model t h e  energy ( E l  sub-model c o n s i s t s  o f  t h r e e  e q u a t i o n s  f o r  r e l a t i v e  
s h a r e s  o f  t h r e e  t y p e s  o f  energy.  For  th't s e c t o r  t h e  r e l a t i v e  s h a r e s  o f  
c o a l  and g a s  a s  an ou tpu t  o f  gas  u t i l i t i e s  o r e  equa l  t o  ze ro .  We f i t  
two e c ~ u e t i o x s  f o r  t h e  r e l a t i v e  s h a r e s  o f  c rude  petroleum rnd n a ~ u r a l  
gas  and r e d i n e d  p e t r o l e ~ m i  pl-or1utt.s. The rpla't.:.ve s h a r e  o f  e l e c t r i c i t y  can 
b e  - ie ter~: . ined from t h e  accorlnting i d e n t i t y  -"or t h e  t o t a l  v a l u e  of energy.  
~ ' i t t i r . g  t h e s e  equa t ions  s u b j e c t  t o  s.;;. - P ' -  . (  I ; r i c t ions ,  we reduce t h e  
number o f  unknown parameters  t o  f i v e .  
For  t h e  f o u r  non-energy s s ? t o r a  inc!.i,der i n  our  i n t e r - i n d u s t r y  model 
t h e  m a t e r i a l s  (M) sub-model c o i ~ s i s t s  o-f fi-1;- ~ ~ u a t i o n s  f o r  t h e  r e l e . t i v e  
s h a r e s  of  a g r i c u l t u r e ,  manufac tur ing ,  - - n s ~ . j o ~ . t  ' t i o n .  comnl?.nications, and 
c o m p e t i t i v e  impor t s .  The f i v e  ener~ : .  :e:  1: , e  m a t e r i a l s  sub-model con- 
sis ts  o f  f o u r  e q u a t i o n s  f o r  .the rr:! '. i ' l B 6  -,? ;. ''5 sf c .gr icu l tu re ,  manu- 
f a c t u r i n g ,  t r a n s p o r t a t i o n ,  and co~i~ri-li  c : ions .  The form o f  t h e  m a t e r i a l s  
( M )  suo-model f o r  t h e  f o u r  non-energy secclor,s, i s  analogous t o  t h e  form 
o f  t h e  energy (E)  sub-model ~ril;\ l  f.i.vt. e q u a t i o n s  f o r  t h e  r e l a t i v e  s h a r e s  o f  
f i v e  t y p e s  o f  energy.  For  t h e s e  s e c t o r s  we f i t  f o u r  equa t ions  f o r  t h e  
r e l a t i v e  s h a r e s  o f  non-enercy i n p u t s ,  exc l l i s ing  c o m p e t i t i v e  impor t s .  The 
r e l a t i v e ,  sh.ares o f  c o m p e t i t i v e  impor t s  can  b e  determined from t h e s e  
f o u r  equa t ions  and t h e  accounting i d e n t i t y  be-kwei-n t h e  t o t a l  ,rahlc- o f  
m a t e r i a l a  and t h e  sun of t h e  v a l u e s  o f  t h e  f i v e  t y p e s  o f  non-energy i n g u t s .  
Each o f  t h e s e  sub-models invol.ves f o u r t e e n  unknown parameters .  
For the five non-energy sectors we fit ahree equations for the 
relative shares of non-energy inputs, excluding inputs of communications, 
trade and services. The materials (M) sub-models for these sectors are 
analogous to the aggregate (KLEM) sub-model and involve nine unknown 
parameters. 
For each of the nine industrial sectors included in our intey- 
industry model of production all three sub-models -- eggregate ( K L T ~ ) ,  
energy (E), and materials (M) -- have been fitted CYo annual data on inter- 
industry transactions, capital and labor services, and competitive imports 
for the period 1947-71.~~ Our method to estinztion is the mininlun distance 
estimator for non-linear simultaneous equations, treating the prices 
of competitive imports as endogenous v~riables.~~ For each of these sub- 
models the system of equations is nor.-linear in the varizbles but l5near 
in the parameters. 
In Tables 4-6 we present estimates of the parameters of the 
translog price possibility frontier for each of the three sub-models of 
our econometric model of producer behavior for all nine industrial sectors. 
The nine industrial sectors are: 
1. Agriculture, non-fuel mining, and construction. 
2. Manufacturing, excluding petroleum refining. 
3. Transportation. 
4. Communications, trade, and services ; water and sanitary services. 
5 .  Cod mining. 
6. Crude petroleum and natural gas. 
7. Petroleum refining and related industries. 
; 9  ,-.' 
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Table 5 -  1:stimates o f  t h e  parameters o f  the  trans log  p r i c e  p o s s i b i l i t y  f r o n t i e r  





Parameter 1 2 3 4 5 6 7 8 9 





8. E l e c t r i c  u t i l i t i e s .  
9 .  Gas u t i l i t i e s .  
Table 4 con t a in s  e s t im a t e s  o f  t h e  parameters  of  t n e  t r a n s l o g  
p r i c e  pos s ib i . l i t y  f r o n t i e r  f o r  t h e  aggrega te  sub-model. The aggrega te  
p r i c e  p o s s i b i l i t y  f r o n t i e r  is def ined  on t h e  p r i c e s  o f  c a p i t a l  (K), 
l a b o r  (L) , energy (E) , and m a t e r i a l s  ( M I .  For each of  t h e  n in e  i n d u s t r i a l  
s e c t c r s  t h e  parameters  of t h e  aggrega te  sub-model a r e  e s ~ i n a t e d  from a 
s ~ r s t e m  o f  t h r e e  equa t i ons .  The dependent v a r i a b l e s  i n  t h e se  e q u a t i o n s  
a r r  t h e  r e l a t i v e  s ha r e s  o f  c a p i t a l ,  l a b o r ,  and energy i n  t h e  va lue  of 
t o t a l  ou tpu t .  Parameters i n  t h e  equa t ion  f o r  t h e  r e l a t i v e  sh a r e  of 
:natericl.s a r e  es t imzted  froin t h e  r e s t r i c t i o n s  im2lied by t h e  accounting 
idc:nt.l.tv 'o.:t~cen t h e  va lue  of ou tp u t  and t h e  va lue  of  i n p u t .  We employ 
c o n s t r a i n t s  a.cross t h e  equa t ions  a r i s i n g  from :;ym,etry r e s t r i c t i o n s  
on t h e  p r i c e  p o s s i b i l i t y  f r o n t i e r  f o r  each s e c t o r ,  reducing t h e  nunber of 
parameters  t o  be  es t imted  t o  n ine .  We a l s o  employ convexity r e s t r i c t i o n s ,  
,there approprj .a te ,  f u r t h e r  reducing t h e  number o f  parameters  t o  be 
e s t i m a t ed .  
Table 5 con t a in s  e s t i m a t e s  of t h e  parameters  of t h e  t r a n s l o g  
p r i c e  p o s s i b i l i t y  f r o n t i e r  f o r  t h e  energy (E) sub-madel. The energy ? r i c e  
p o s s i b i l i t y  f r o n t i e r  g i v e s  t h e  p r i c e  of energy f o r  each s e c t o r  a s  a f u n c t i o n  
of t h e  p r i c e s  o f  f i v e  types  o f  energy i n p u t s .  The f i v e  t y p e s  o f  energy a r e :  
1. Coe.1. 
2. Crude petroleum and n a t u r a l  g a s .  
3,  Refined petroleum products  
4. E l e c t r i c i t y .  
5. Gas a s  a product  o f  gas  u t i l i t i e s .  
For each of  t h e  pine i n d u s t r i a l  s e c t o r s  t h e  parameters o f  t h e  energy 
sub-model a r e  es t imated  from a system conta in ing  a s  many a s  Sour equat ions .  
The-dependent va r i ab l e s  i n  t h e s e  equati0r.s a r e  t h e  r e l a t i v e  shares  of .each  
type  of  energy i n  t h e  t o t a l  va lue  of  ene:-gy. We employ t h e  r e s t r i c r i o n s  
implied by t h e  accounting i d e n t i t y  between t h e  t o t a l  va lue  o f  energy 
and t h e  sum of t h e  va lues  of a l l  types  of  energy,  t h e  symmetry r e s t r i c -  
t i o n s ,  and, where app rop r i a t e ,  convexity r e s t r i c t . i c ~ s  i n  reducing t h e  
number of parameters t o  be  es t imated .  
F i n a l l y ,  Table 6 conta ins  es t imates  of t h e  parameters of  rhe  
t r a n s l o g  p r i c e  p o s s i b i i i t y  f u o n t i e r  f o r  t h e  ma te r i a l s  (M) sub-model. For 
t h e  fou r  non-energy s e c t o r s  t h e  ma te r i a l s  p r i c e  p o s s i b i l i t y  f r o n t i e r  i s  
def ined  on t h e  p r i c e s  of  t h e  f i v e  types  of non-energy inpu t s .  These a r e :  
1. Agr icu l tu re ,  non-fuel mining, and cons t ruc t ion .  
2. Manufacturing, excluding petroleum r e f i n i n g .  
3. Transposrat ion 
4. Communications, t r a d e ,  and s e m i c e s ;  water and s a n i t a r y  s e rv i ces .  
5. Competitive imports .  
For t h e  f i v e  energy s e c t o r s  t h e  m a t e r i a l s  p r i c e  p o s s i b i l i t y  f r o n t i e r  is  
def ined  on t h e  p r i c e s  of  four  types  of  ncn-energy i n p u t s ,  excluding competi- 
t i v e  imports .  The dependent v a r i a b l e s  a r e  r e l a t i v e  shares  of each type  
of non-energy inpu t .  We employ r e s t r i c t i o n s  on t h e  parameters t h a t  a r e  
analogous t o  t h e  r e s t r i c t i o n s  used f o r  t h e  energy sub-model. 
5. Energy P ro jec t ions .  
5.1. In t roduct ion .  Our next ob jec t ive  i s  t o  provide a  reference  point  
TOP t h e  r :nalysis  of energy pol icy  by e s t ab l i sh ing  d e t a i l e d  p ro jec t ions  of 
ener!g demand a.nd supply, energy p r i c e  and c o s t ,  ~ ? d  energy i apor t s  and expor ts .  
'cle "lave a;t-temp-Led t o  implement t h i s  ob jec t ive  wi th in  a  franlewgrk t h a t  incor-  
poi-ntes t h c  det(:rrcinants of both demand acd supply f o r  energy i n  t h e  U.S. 
ecctnony. '7he f i r s t  component of t h i s  framework i s  our macrr?-economic grw-th 
mode:, if i c l  i:?c?.udes productioil and household s e c t o r s  of t h e  U.S. econoray 
:~.s c-:.,c'io~.-^nc~~~:, s ec to r s  and exogenous foreign and government sec to r s .  The second 
ct,~-:o:!e1i.i-, 3f t h e  f'rame~,rork i s  ar in ter - indus t ry  model, incor?ora t icg  trsnsact , ions 
Letveer, producers of energy and u l t ima te  consuiners end a l s o  t r ensac t ions  
- 'tr:.; the proi7.l,cing sec to r s  f o r  both energy snd '-9n-ezergy p r ~ d u c t s .  
:I-!= zc tua l  so lu t ion  of our complete model ~ r c c e ~ d s  alone t h e  following 
- .  ? . iner :  P l r ~ t ,  CIUP m a . c r ~ - ~ ~ n n o m ~ t . r j . c  _~rnwth m c t l e l  :i.s used t o  obta in  pro.jactione 
of ? . ~ g r e g ~ x t e  zonsumption, investment 2nd government f i n a l  dmm-c? and t h e  p r i c e  
of ?.a.bor and cs .p i ta l  serv icec .  Second, we c a l c u l a t e  t h e  p r i c e s  of f i n a l  
p r o d ~ ~ c t s  corresponding t o  p r i c e s  of primary inputs  and competi t ive imports  and 
t o  1evel.s o f  technology i n  each of t h e  producing sec to r s .  Thi rd ,  we d isaggregata  
f i n . d  demand t o t d s  i n t o  f i n d  demand f o r  t h e  output of  each of t h e  producing 
sec tors .  Fourth,  models of producer behavior a r e  used t o  c a l c u l a t e  t h e  input-  
o u t g ~ t  c o e f f i c i e n t s  speci ry lng t h e  p a t t e r n s  of input  i n t o  each o f  t h e  n ine  pro- 
eucrlnq s e c t o r s .  F ina l ly ,  t he  f i n a l  denand requirements f o r  each s e c t o r  a r e  
zorr;bincd with t h e  input-output c o e f f i c i e n t s  t o  ob ta in  t h e  t o t a l  output  of  each 
srctrsr  ns wel l  a s  s a l e s  t o  o the r  producers and f i n a l  u se r s .  Output requirements 
art: tr8:clslated i n t o  requirements f o r  c a p i t a l  and l abor  input and l e v e l s  of 
We f i r s t  present de ta i l ed  p ro jec t ions  f o r  t h e  year 1980 under t h e  
assumption of no change i n  energy pol icy .  These projec t ions  can be compared 
with in ter - indust ry  t r ansac t ions  f o r  1970 presented above i n  Section 3 .  Next, 
we t r a n s l a t e  energy flows f o r  coa l ,  r e f ined  petroleum products,  e l e c t r i c i t y ,  
and gas--the products of four of t h e  n ine  sec to r s  included i n  our in t e r - indus t ry  
model--into physical  u n i t s .  These flows a r e  given i n  t r i l l i o n s  of Btu's f o r  
1970, 1975, 1980, 1985 and 2000. The r e s u l t i n g  cnergy flows provide the  in- 
formation required t o  t r a n s l a t e  our d e t a i l e d  in ter - indust ry  projec t ions  i n t o  
t h e  energy balance fraznevork t h a t  has become conventional i n  t h e  ana lys i s  of 
p a t t e r n s  of energy u t i l i z a t i o n .  24 
Our in ter - indust ry  approach t o  t h e  projec t ion of pa t t e rns  of e n e r a  
u t i l i z a t i o n  imposes t h e  same consistency requirements a s  t h e  energy b a l a c e  
approach, namely, t h a t  demand is  equal t o  supply f o r  each type  of energy. I n  
add i t ion ,  our approach requ i re s  t h a t  demand and supply are .  consis tent  with t h e  
same s t r u c t u r e  of energy p r i ces  and t h a t  markets c l e a r  a t  t hesc  p r i ces .  The 
f i n a l  s t e p  i n  our ana lys i s  i s  t o  present our r e s u l t s  i n  t h e  form cf energjr 
balance t a b l e s .  We then compare our projec t ions  with conventional. e n e r a  
balance p ro jec t ions .  Our r e s u l t s  suggest t h a t  energy blaance p ro jec t ions  should 
be in t eg ra ted  with projec t ions  of t h e  f u t u r e  development of energy p r i ces .  Our 
in ter - indust ry  framework provides a means of combining projec t ions  of energy 
flaws and energy p r i ces .  
5 .2 .  In ter - indust ry  t r ansac t ions .  For comparison with energy balance 
p r o j e c t s  we f i n d  it use fu l  t o  t r a n s l a t e  in ter - indust ry  flows f o r  energy products 
i n t o  physica l  units .25 For 1970 and 1980 in t e r - indus t ry  flows of energy c m  
be obtained &om t h e  in ter - indust ry  t r ansac t ions  i n  constant  p r i ces .  For 
coa l  products we convert t h e  constant  d o l l a r  flows f o r  Sector  5 of our i n t e r -  
i ndus t ry  model i n t o  J3tu's i n  Table 7. Damestic output must be  added t o  imports 

t o  obta in  t o t a l  supply. Supply is a l loca ted  among intermediate and f i n a l  
demand, ju s t  a s  i n  our in ter - indust ry  t r ansac t ions  t ab les .  We a l s o  present  
in ter - indust ry  flows of coal  f o r  1975, 1985 and 2000 i n  Table 7 .  Tnese flows 
were projec ted  i n  p rec i se ly  the  same way a s  t h e  flows f o r  1980 given i n  Tab1.e 7. 
For ref ined petroleum products we convert t h e  constant  d o l l a r  flows f o r  
Sector  7 of our in ter - indust ry  model i n t o  Btu's  i n  Table 8. We add domestic 
output of ref ined petroleum products t o  imports t.0 obta in  t o t a l  supply. We 
f i n d  it convenient t o  include imports of crude petroleum i n  t h i s  t a b l e .  To ta l  
supply i s  a l loca ted  among intermediate and f i n a l  demand categor ies .  Similar'y, 
we present  in ter - indust ry  flows of e l e c t r i c i t y  i n  Btu ' s  i n  Table 9 and into:-- 
i ndus t ry  flows of na tu ra l  gas i n  Table 10.  For Tables 18-20 we present ac tua l  
flows f o r  1970 and projec ted  flows f o r  1975, 1980, 1985, and 2000. A l l  of 
these  energy flows a re  obtained from t h e  corresponding constant  do l l a r s  f lovs  
by conversion t o  physical  u n i t s .  
5.3. E n e r ~  balance.  Our project ions  include t o t a l  production and 
t o t a l  dcnnestic u t i l i z a t i o n  of coal ,  crude petroleum and na tu ra l  gas ,  r e f ined  
petroleum products,  e l e c t r i c i t y ,  and gas a s  s product o f  gas u t i l i t i e s .  We 
a l s o  p r o j e c t  p r i c e s  f o r  each type of energy. We a l l o c a t e  energy u t i l i z a t i o n  
between in termedia te  and f i n a l  demand. F ina l ly ,  we a l l o c a t e  intermediate 
demand among t h e  nine producing sec to r s  of our model, inc luding t h e  energy pro- 
ducing s e c t o r s  and ag r i cu l tu re ,  manufacturing, t r anspor t a t ion ,  and t r a d e  and 
se rv ices .  We a l l o c a t e  f i n a l  demand among t h e  four consuming sectors--persorial 
consmgt  j on, rnvestmcnt , goirernment consumption, and, exD0rt.s. The d i s t i n c t i o n  
between in termedia te  and f i n a l  demand has no counterpar t  i n  energy balance 
p ro jec t ions ,  but  these  ca tegor ies  must be d is t inguished i n  order t o  i n t e g r a t e  
energy u t i l i z a t i o n  i n t o  t h e  framevork provided by t h e  U.S. nat ional  income 
and product accounts. 
Table 8: Refined Petroleum Products Demand and Supply 
(Energy flows i n  t r i l l i o n  Btu) 
Supply Demand 
Energy use by sectors:  Total 
m m e s r - i c ~ m p o r t s  Imports Total 1 2 3 5 6 7 8 9 10 11 
Output of of 12 13 supply Demand 
Crude Refined 
Table 9.  E l e c t r i c i t y  Demand and Supply 
(Energy f l o v s  i n  t r i l l i o n  Btu) 
Supply Demand 
Energy use  by s ec tor s :  
Damestic Imports - Total Total .  
Output supply 2 3 4 5 6 7 8 9 10 11 12 13 De-d 

Our p r o j e c t i o n s  o f  i n t e r - i n d u s t r y  a r e  s m a r i z e d  i n  Table 11, 
which g i v e s  t h e  average  growth r a t e s  o f  s e c t o r  s a l e s ,  p roduct ion  and p r i c e s .  
A l l  s e c t o r s  show s a l e s  growth i n  t h e  r a t e  6% t o  9% E. year  w i th  a g r i c u l t u r a l ,  
s e r v i c e s ,  c o a l  an2 e l e c t r i c i t y  s e c t o r s  showing above average  growth r a t e s .  
But ,  when al lowance i s  t a ke n  of  p r i c e  i n c r e a s e s ,  t h e  spread  i n  growth r a t e s  o f  
r e a l  ou tput  becomes more pronounced, ranging  from a lcw of 1 . 8% a year  f o r  
g a s  u t i l i t i e s  t o  5.9% f o r  e l e c t r i c i t y .  Output from t h e  a g r i c u l t u r e ,  
s e n r i c e s ,  c o a l ,  crude petroleum, r e f i n e d  petroleum and ga s  u t i l i t y  s e c t o r s  car, 
b e  s e en  t o  be i n c r e a s i n g  more slowly t h a n  t h e  o v e r a l l  s e c t o r  average.  Correspcnd- 
i n g l y ,  a g r i c u l t u r e ,  s e r v i c e s ,  c o a l ,  r e f i n e d  petroleum and ga s  p r i c e s  i n c r 2 a s r  
more r a p i d l y  t h a n  average .  
Our p r o j e c t i o n  of t o t a l  V.S. energy u t i l i z a t i o n  f o r  t h e  per iod  1975- 
2000 i s  given  i n  Table 12 .  T o t a l  U . S .  energy consumption i s  f o r e c a s t  t o  
i n c r e a s e  from 80,250 t r i l l i o n  Btu i n  1975 t o  174,470 t r i l l i o n  Btu i n  2000, 
an average  annual  growth r a t e  of 3.2%. Within t h i s  t o t a l ,  a s i g n i f i c a n t  s h i f t  
towards more secondary forms of  energy consumption ( p r i n c i p a l l y  e l e c t r i c i t y )  
i s  expec ted .  Coal usage grows i n  l i n e  wi th  t o t a l  energy consumption as c o a l  
becomes i n c r e a s i n g l y  important  a s  a source  o f  s y n t h e t i c  ga s  and a s  an i n p u t  t o  
e l e c t r i c i t y  g e n e ra t i on .  Petroleum g radua l l y  d e c l i n e s  i n  r e l a t i v e  importance 
as an energy source--consumption of r e f i n e d  petroleum is f o r e c a s t  t o  i n c r e a s e  
at 2.9% compared t o  t h e  3.2% growth o f  t o t a l  energy consumption--but petroleum 
s t i l l  accounts  f o r  41% o f  energy consumption i n  2000. E l e c t r i c i t y  usege i n c r e a s e s  
much more r a p i d l y ,  at a 5.9% annual  r a t e ,  t han  t c t a l  energy consumption, 
i n c r e a s i n g  i t s  sh a r e  o f  energy consumption from 9% i n  1975 t o  17$ by 2000. 
Gas, on t h e  otHer hand, d e c l i n e s  i n  r e l a t i v e  importance from 31$ o f  t o t a l  
energy consumption i n  1975 t o  23% i n  2000, corresponding t o  an average growth 
r a t e  of o n l y  1.8% p e r  annum. 
Table 11. T r a n s a c t i o n s  Summary, 1975-2000. 
(average annua l  percen tage  growth r a t e s .  1975-2000.) 
T o t a l  s e c t o r  T o t a l  s e c t o r  
S e c t o r  ou tpu t  i n  o u t p u t  i n  con- P r i c e  o f  
c u r r e n t  d o l l a r s  s t a n t  (1971) d o l l a r s  s e c t o r  o u t p u t  
1. A g r i c u l t u r e  7.4 
5 .  Manufacturing 7.0 
3. T r a n s p o r t a t i o n  6 .5  
4. Trade and S e r v i c e s  7.4 
5. Coal 8.9 
b ? ,  Crude Petroleum 6.4 
7. Ref ined  Petroleum 7.0 
8. E l e c t r i c i t y  7.6 5.9 1.6 
9. Gas U t i l i t i e s  6 .1  1.8 4.2 
Table 12. Total U.S. Energy Utilization, 1970-2000. 
1970 1975 1980 1985 2000 
Coal 
Use (Tr.Btu) 10931 13742 16688 
Z of total 16.3 17.1 17.3 
Average growth 
rate (Z a year) 4.7 4.0 
Petroleum 
Use (Tr.Btu) 29295 34241 41561 
I of total 43.3 42.4 43.0 
Average growth 
rate 3.3 4.0 
electric it^ 
Use (Tr.Btu) 5218 7275 10226 
X of total 7.8 9.1 10.6 
Average growth 
rate 6.9 7.1 
Gas 
-
Use (Tr.Btu) 21957 24992 28208 
% of total 32.7 31.1 29.2 
Average growch 
rate 2.6 2.5 
Total 
Use (Tr.Btu) 67201 80250 96683 
X of total 100.0 100.0 100.0 
Average growth 
rate 
Cop1 conti.nues t o  he ci major e n e r , g  source i n  t h e  U.S. economy. Although 
it s u p p 1 . i ~ ~  vir- tuolly no f i n a l  deinnrld it r e t a i n s  i t s  importance a s  a primary 
energy source t o  i ndus t ry  and t o  azcondary energy genera t ion .  On t h e  supply 
s i d e ,  domestic prnrluction continues t o  supply v i r t u a l l y  a l l .  coa l  requirements;  
on the  demand s i d e ,  coa l  i s  used p r imar i ly  a.s a f u e l  f o r  mann?acturing indus t ry  
and a s  a inpcl, i n t o  -the e l e c - t r i c i t y  genera t ion  and gas u t i l i t y  s ec to r s .  
Although current; use of conl  by gas u'ii:lL-ties i s  negi ig ib l -e ,  t h i s  i s  expezted t o  
change .with t h e  development an6 introduci'Lo:l of' syn the t i c  gas prcduction usir,g 
coa:'. and pc:trole.~.x! as file1 i n p u t s .  .Llso, coal. is expected t o  remain an 
imr>oytant export  commodii;y. 'The u.til .iztition ~f -riel f o r  t h e  period 1970-2000 
i c  s.i:m!a.r?zed i n  Table 13. 
Ui;:i.liza.tio,i o r  pe-t!-ule~m produc.t;s i s  p;.oJecter2 t o  shov s i m i l a r  growth 
i n  bo.t,h i:1-Le~:lned.i.:,i;c and .?Lnn.l rIt,nand cotc.r?.ori:!r: On t h e  supply s i d e ,  imports  
contri . i :?~tc im increas:h?g o!l:;ro of t o t e l  supply,  a ' i h o u ~ h ,  i n  t h e  l a t t e r  years  
of  t h e  Sorr;c2c-t p?x.i.od, ';!~.c i i ~ t r o ~ ~ ! c . t , f c f i  O? bhi:l'.: i i - ' - '  i.s expected t o  l e s s e n  t h e  
dependence on i.mpon;s. On t h e  demand s i d e ,  t h e  sc.vj.ces s ec to r  13 fo recas t  t o  
ra-.>i?J;ly i nc reese  i - t c  conslmption o ;  pc+,i-ol.eum and, 5; 2000, t o  become t h e  
l a r g z s t  intermedliate user . .  Pe~scnr . . l  consun:pi;ion use  of  pe t ro le l~m a l s o  
i nc reases  s t e a d i l y ,  remaining -the l u g e s - t  s i n g l e  consunption category. 
Oernand by 2 2 1  sec.toi-R f o r  elect ,~: ici . ty,  both i n t e r n e d i e t e  and f i n a l ,  is 
expected 'LO i nc rease  r ap id ly .  Personal. cnnsuraptior? use  of e l e c t r i c i t y  con- 
t i n u e s  t o  dominate consumption but  use  8 3  an in termedia te  i npu t ,  p m t i c u l a r i y  
i n t o  t h e  s e r v i c e  s e c t o r ,  i s  a l s o  V C ~  important .  Gas, a n  a product of gas  
u t i l i t i e s ,  dec l ines  i n  r e l a t i v e  i m p o r t a c e .  Tmports a r e  p ro j ec t ed  t o  provide 
nn i nc reas ing  propor t ion  o:? ga? aupgly. I n  nddit!.on, q p t h e t i c  gas produced from 
conl  and petro1e:rm j.s s-qec ted ,  t o  become s l 'gn i f icant  i n  t h e  1980'3 and, b,. 2C00, 
Table 13. Energy Utilization Summary 
USAGE GROWTH RATES 
(Trillion Btu) (Average percent per annum) 
Final Interindustry U.S. Final Interindustry U..S.  
Consumption use demand Consumption use demand 
Refined 
Petroleum 
1970 11272 17823 29095 
Electricity 
1970 1956 3262 5218 
1975 3106 4163 1 ~ 1 5  9.7 d m -  6.9 - .my C fl 
1980 4663 5563 10226 8.5 5.9 7.1 I 
1985 6724 7226 13950 7.6 5.4 6.4 I 
2000 17005 13372 30377 6.4 4.2 5.3 I 
t o  p r o v i d e  14% of  t o t a l  gas  supply .  FTojsc t ions  o f  s y n t h e t i c  r'uel p r o d u c t i c n  
m e g i v e n  i n  Table  1 4 .  A l l  s e c t o r a l  demands f o r  gas  i n c r e a s e  but  p e r s o n a l  
consumption cont inues  t o  b e  t h e  p r i n c i p a l  usage w h i l e  manufac tur ing ,  se rv icc t s ,  
e l e c t r i c i t y  g e n e r a t i o n  and t h e  gas  u t i l i t y  s e c t o r  i t s e l f  a r e  t h e  main i n t e r -  
media te  u s e r s .  
The f i r s t  comparison be tveen  our  p r o j e c t i o n s  and energy ba lance  p r o j e c t i c n s  
i s  betwecn t h e  p r o j e c t i o n s  we have g iven  i n  Tables  1, 2 and 1 2  and cor-  
7-esponiling pro , jec t ions  f o r  197-1 and 1985   re pared by  t h e  Committee on t h e  
U . S .  l b e r g y  Outlook of  t h e  Nat iona l  Petroleum The p r o j e c t i o n s  o f  
domest ic  u t i l i z a t x o n  of  e n e r a  by t h e  Nation,?i P+t:oleum Counci l  a r e  give? i n  
'I'able 1 5  f c r  c c a l ,  o i l ,  and g a s .  These projections can  b e  compared w i t h  x r  
p r o j c c t i o a s  f o r  c o a l ,  r e f i n e d  petroleum p r o d u c t s ,  and g a s  a s  a  product  o f  gas  
u t i l i t i e s .  The percen tage  i n c r e a s e  i n  f o s s i l  f u e l  u t i l i ? , a t l s n  o v e r  t h e  p e r i o d  
1370 t o  1975 i s  almost  i d e n t i c a l  f o r  t h e  two s e t s  o' p r o J ? c t i o n s .  Foi- t h e  p e r i o d  
i.975-1985 o u r  p r o j e c t i o n  o f  f o s s i l  f u e l  i l t i l i z a t i o n  i s  above t h a t  of  t l i p  Nat iona i  
F e i r o 3 . e ~  Counci l .  Th is  d i f f e r e n c e  i s  due t o  t h e  p e a t e r  r o l e  ass igned  t o  
nl lc leer  fieneratj-on of e l e c t r i c i t y  i n  t h e  Nationnl  Petroleum Counci l  e s t i m a t e s .  
?'he u s e  of p r imary  energy s o u r c e s  i s  approximately t h e  same i n  t h e  two pro- 
j e c t i o n s .  
A c r i t i c a l  elemsnt i n  any s e t  of  energy p r o j e c t i o n s  i s  t h e  p r o j e c t i o n  
of  e l e c t r i c i t y  demand. A d e t a i l e d  comparison o f  a l t e r n a t i v e  e l e c t r i c i t y  demand 
p r o j e c t i o n s  h a s  been made by Chapman, Mount, and ~ y r r e 1 1 . ~ ~  A sunmary o f  t h e i r  
r e s u l t s  i s  g i v e n  i n  Tab1.e 1 6  f o r  t h e  y e a r s  1970-2000. The f i r s t  t h r e e  rows 
summarize a l t e r n a t i v e  "high" growth p r o j e c t i o n s  of  e l e c t r i c i t y  demand by t h e  
N a t i o n a l  Petroleum Counci l  (NPC), t h e  1970 N ~ t i o n ~ a l  Power Survey of  t h e  Federa l  
Power Commission ( F T C ) ,  and t h e  Corne l l  Univers i ty -Nat iona l  Sc ience  ~ o u n d a t i o n  
Table 14. Supplemental Energy Supplies 
(Energy flows in trillion Btu) 
IMPORTS 
Petroleum Natural Gas 






Coal input Petroleum input Output % U.S. Demand ~ota? X U.S. Demand 
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This refers to oil produced from shale. It is possible that small quanc1c:es 
of oil will be produced by coal liquifaction but this is not included. 
Source: Based on the import and synthetic fuel assumptions made by Dupree 
and West, (1973). 
Table 1 5 .  U.S. domestic u t i l i z a t i o n  of  f o s s i l  f u e l s ,  1970-1985, p r o j e c t i , > n s  
by the National  Petrolcum Counci l ,  annual growth r a t e s .  
-- 
Energy source Time i n t e r a l  NPC p r o j e c t i o n  HJ p r o j e c t i o n  
Coal 1970-1975 4 . 5  
1975-1985 3 . 5  
Gas 
So:!rces: T I p :  N a t i o n a l  Pe t ro leum Counc i l  ( l 9 7 i )  .'able 11, page 13 .  Annual 
growth r a t e s  computed from o r i g i n a l  data g iven  i n  t r i l l i o n  b t u ' s .  
HJ: Our p r o j e c t i o n .  
Table  1-6. U.S. domest ic  u t i l i z a t i o n  of e l e c t r i c i t y ,  1970-2000, a i t e r n a t f v e  
p r o j e c t i o n s ,  t r i l l i o n  k i l o w a t t  h o u r s .  
P r o j e c t i o n  19 70 19 75 19 80 19 85 1990 2000 
NPC 1.59 2.29 3.29 4.54 - - - - 
FP C 1.53 - - 3.07 - - 5.83 -- 
Cornell-NSF 1.57 2.15 2.92 3.96 5.38 10.25 
CMT - ~ i g h  1.53 2.14 3.05 - - 5.66 9.89 
- Medium 1-53 1.98 2.38 -- 3.01 3.45 
- Low 1.53 1.88 2.07 - - 2.11 2.01 
HJ 1.53 1.88 - - 3.62 - - 9.40 
Sources:  NPC (Nat iona l  Pe t ro leum C o u n c i l ) ,  FPC (Federa l  Power Commission), 
Cornell-NSF (Corne l l -Nat iona l  Sc ience  Foundation Workshop): 
Chapman, Mount, T y r r e l l ,  (1972),  Table 1, page 3 .  
: Chapman, Mount and T y r r e l l ,  (1972), t a b l e  2,  page 1 5 ,  
BEA p o p u l a t i o n  assumption,  " ~ i g h "  cor responds  t o  t h e  r e a l  p r i c e  
o f  e l e c t r i c i t y  doubl ing  by t h e  y e a r  2000; "Medium" cor responds  
t o  t h e  F e d e r a l  Power Commission e s t i m a t e  of  a  19 p e r  c e n t  r e a l  
p r i c e  i n c r e a s e  from 1970-1990; "LOW" cor responds  t o  a  d e c l i n e  
of  t h e  r e a l  p r i c e  by 24 p e r  c e n t  from 1970-1980 and 12 p e r  c e n t  
f r o a  1980-1990 and 1990-2000. 
H J :  Our p r o j e c t i o n .  
Workshop (cornell-NSF).  The second thret? rows summarize a l t e r n z t i v e  p ro j ec t ions  
by Chapman, Mount, and T y r r e l l ,  based on an econometric mode:. of energy 
demand t h a t  incorpora tes  t h e  e f f e c t  of e l e c t r i c i t y  p r i c e s ,  popula t ion ,  
income, and n a t u r a l  gas p r i c e s .  
Chapman, Mount, and T y r r e l l  presen-L p ro j ec t ions  of  e l e c t r i c i t y  demand 
based on a l t e r n a t i v e  assumptions &out t h e  grovth of t h e  p r i c e  of e l e c t r i c i t y  
and t h e  growth of populc t ion .  We have l i m i t e d  our su-mnry of t h e i r  r e s l l l t s  t .: 
pro jec t ions  based on t h e  same populat ion p r o j e c t i c n s  employed i n  our own vorl;. 
These populat ion p ro j ec t ions  a r e  t h e  Census D i h o j e c t i o n s ,  which imply t h s t  
popula t ion  growth w i l l  co~ i t i nue  a t  a p o s i t i v e  r a t e  f o r  t h e  foreseeable  f c t u r z .  
The "high" p ro j ec t ions  of e l e c t r i c i t y  dema.:;tl e n  i n  Table 1 6  a r e  based on a 
fa!-ling p r i c e  of e l e c t r i c i t y  r e l a t i v e  t o  t hc  consumer p r i ce  index. The " ~ ~ e d i u ~ "  
and "low" p ro j ec t ions  m e  based on a l t e r n a t i v e  rrttes of i nc rease  i n  t h e  p r i c e  
of e l e c t r i c i t y  r e l a t i v e  t o  t.he conscnoi- ; ' : e  idex .  The "medium" projc.ct ions 
a r e  based on an increase  i n  t h e  e l e c t r i i c t y  r e l a t i v e  t o  t h e  consumer p r i c e  
ind.ex o f  1 9  percent  over t h e  per iod  1970-1990. The "low" p ro j ec t ions  a r e  
based on a doubling of t h i s  p r i c e  r a t i o  over t h e  period 1970-2000. 
Except f o r  1975 our p ro j ec t ions  of e l e c t r i c i t y  u t i l i z a t i o n  i n  t h e  United 
S t a t e s  co inc ide  Kith t h e  "high" p ro j ec t ions  of Chapman, Mount, and T y r r e l l .  
We p r o j e c t  a  dec l ine  i n  t h e  r a t i o  of t h e  p r i c e  of e l e c t r i c i t y  t o  t h e  p r i c e  c f  
personal  consumption expenditures.  The b a s i s  f o r  t h i s  p ro j ec t ion  i s  t h a t  t h e  
important i npu t s  of t h e  e l e c t r i c  genera t ing  sec tor - -capi ta l  s e rv i ces  and fuel-- 
do not  i nc rease  i n  p r i c e  r e l a t i v e  t o  t h e  p r i c e  of personal  consumption expendi- 
t u r e s ,  while p roduc t iv i ty  growth i n  t h i s  i ndus t ry  continues t o  be unusually 
r ap id .  A dramatic increase  i n  c a p i t a l  c o s t s  due t o  r egu la t ions  r equ i r ing  
environmental p ro t ec t ion ,  not  incorpora ted  i n t o  our present  fo recas t s  of 
T a b l e  1 7 -  U . S .  domes t i c  u t i l i z a t i o n  o f  f o s t : i l  f u e l s  f o r  g e n e r a t i o n  of 
e l e c t r i c i t y ,  1970-1985, p r o j e c t i o n s  by N a t i o n a l  Economic Resea rch  
A s s o c i a t e s  and N a t i o n a l  Pe t ro leum C o u n c i l ,  a n n u a l  growth r a t e s .  
Energy s o u r c e  NERA p r o j e c t i o n  NPC p r o j e c t i o n  HJ p r o j e c t i o n  
01 1 
Gas 
Sources :  NERA: N a t i o n a i  Economic Resea rch  A s s o c i a t e s ,  I n c . .  (19723 T a b l e  1 3 ,  
page 28. Annual growth r a t e s  computed from o r i g i n s 1  d a t a  g i v e n  i n  
s h o r t  t o n s  f o r  c o a l ,  b a r r e l s  o f  o i l ,  and thousands  of c u b i c  f e e t  i o r  
g a s .  
NPC: N a t i o n a l  Pe t ro leum Counc i l  (1972) ,  page 20. Annual growth 
r a t e s  computed from o r i g i n a l  d a t a  g i v e n  i n  b t u ' s .  
H J :  Our p r o j e c t i o n .  
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produc t iv i ty  gro-&.h i n  t h e  e l e c t r i c  genera t ing  indus t ry ,  would counterac t  t h i s  
t r end .  S u f f i c i e n t l y  h igh  c o s t s  of environmental p ro t ec t ion  o r  changes i n  
t a x a t i o n  would r e s u l t  i n  e l e c t r i c i t y  u t i l i z a t i o n  es t imates  i n  t h e  "medim" o r  
"low" range suggested by Chapman, Mount and T y r r e l l .  
The f i n a l  comparison between our p ro j ec t ions  and a l t e r n a t i v e  p ro j ec t ions  
i s  f o r  p ro j ec t ed  r a t e s  of growth of f o s s i l  f u e l  u t i l i z a t i o n  f o r  t h e  genera t ion  
of e l e c t r i c i t y  i n  t h e  United S t a t e s .  P ro j ec t ions  f o r  1973 aid 1985 by Nat iona l  
Economic Research Associates f o r  t h e  Edison E l e c t r i c  I n s t i t u t e  and by t h e  
nationad. Petroleum Council a r e  given i n  Table 17.28 30th a l t e r n a t i v e  yrojeCtlons 
a r e  based on demand f o r  e l e c t r i c i t y  from t h e  1970 National  Power Survey. 29 
O u r  pro jec t ions  of n a t u r a l  gas used i n  t h e  genera t ion  of e l e c t r i i c t y  a r e  higher 
than  e i t h e r  of t h e  a l t e r n a t i v e  p ro j ec t ions .  Our p ro j ec t ions  of o i l  used a r e  
above t h o s e  of National  Economic Research Associates and below tho?e  of t h e  
National  Petroleum Council.  F i n a l l y ,  our p ro j ec t ions  of c o a l  use a r e  belcw 
both  a l t e r n a t i v e  s e t s  of p ro j ec t ions .  An examination of  our p ro j ec t ions  of 
p r i c e  t r e n d s  f o r  t h e  t h r e e  f'uels provides an explanat ion  f ir  our r e s u l t s .  We 
p ro j ec t  an i nc rease  i n  t h e  p r i c e  of c o a l  r e l a t i v e  t o  t h e  p r i c e s  of t h e  o the r  
two energy sources .  We p ro j ec t  a  f a l l  i n  t h e  p r i c e  o f a l  r e l a t i v e  t o  t h e  
p r i c e s  of  gas and coal .  A very sharp r i s e  i n  gas p r i c e s  would be r equ i r ed  t o  
b r i n g  our e s t ima te s  of gas used by e l e c t r i c  u t i l i t i e s  i n t o  l i n e  with t he  pro- 
j e c t i o n s  of t h e  Nat ional  Petroleum Council.  
Except f o r  t h e  p ro j ec t ions  of e l e c t r i c i t y  demand by Chapman, Mount, and 
T y r r r l l ,  t h e  p ro j ec t ions  of enerRy u t i l i z a t i o n  we have reviewed have been 
prepared  without  e x p l i c i t  assumptions about t h e  growth of energy p r i c e s  re la . t i7re  
t o  o t h e r  p r i c e s  o r  about t h e  r e l a t i v e  growth of t h e  p r i c e s  of  a l t e r n a t i v e  f u e l s .  
Our p r o j e c t i o n s  inc lude  p ro j ec t ions  of energy demand and supply,  energy p r i ce  
and c o s t ,  and energy imports and expor t s .  The impl ica t ions  of a l t e r n a t i v e  
assumptions about t h e  de te rminants  of energy  demand 6nd supply ,  ?or example, 
assumptions about popula t ion  growth o r  p r o d u c t i v i t y  change, can be determined 
f o r  bo th  t h e  o v e r a l l  growth of energy u t i l i z a t i o n  and t h e  d i s t r i b u t i o n  of  
energy growth among a l t e r n a t i v e  energy sources .  We can determine t h e  direcr .  
e f f e c t s  of f a c t o  a f f e c t i n g  demand o r  supply f o r  a  given energy s c u rc e  on t h e  
u t i l i z a t i o n  and p r i c e  of t h a t  source .  We can a l s o  determine t h e  impact or' 
t h e s e  f a c t o r s  on t h e  u t i l i z a t i o n  and p r i c e  of z l t e r n z t i ~ r e  e::era sso-rces. 
Cur p r o j e c t i o n s  have been prepared  a s  a  r e f e r e n c e  p i n t  f o r  t h e  a n a l y s i s  
of energy po l i cy .  I n  making t h e s e  p ro Je c t i o n s  we have assumed no change i n  
energy p o l i c y .  Although O L ~  p r o j e c t i o n s  d i f f e r  i n  c l e t a i l  from p r o j e c t i o n s  
based  on t h e  energy ba lance  approach, t h e  o v e r a l l  p a t t e r n  of: our  p r o j e c t i c n s  
i s  s i m i l a r  t o  t h e  p a t t e r n  suggested by "high growth" ?rejections, such a s  t h e  
p r o j e c t i o n s  of t h e  Nat iona l  Petroleum Council ,  t h e  Fe d e ra l  Power Comis:ion, 2.nd 
Nat iona l  Economic Research Assoc ia tes .  Our p r o j e c t i o n s  of t h e  ~ r o w t h  of  
e l e c t r i c i t y  demand a r e  comparable t o  t h e  h ig h e s t  p r o j e c t i o n s  preser'ted by 
Chapman, Mount, and T y r r e l l .  Our p r i c e  p r o j e c t i o n s  f o r  e l e c t r i c i t y  a r e  con- 
s i s t e n t  wi th  t h e  p r i c e  p r o j e c t i o n s  t h a t  under ly  t h e  h i g h e s t  demand p r a J e c t i o n s  
given by Chapman, Mount and Ty-rrell. 
6 .  Energy Pol icy .  
6.1. I n t r o d ~ ~ c t i  on . Our d e t a i l e d  p ro j ec t ions  of energy demand and r :~p? l  y 
-- 
f o r  t h e  per iod  1975-2000 a r e  intended t o  serve  a s  a re ference  poin t  f o r - p o l i c y  
ana lys i s .  n e s e  p ro j ec t ions  embody no major new depar tures  i n  energy p o 1 i . c ~ .  
To analyze the  e f f e c t  of a given change i n  energy po l i cy  our methodology j s  t o  
prepare  an a l t e r n a t i v e  s e t  of p r o j e c t i o n s ,  incorpora t ing  t h e  po l i cy  c h a c , y ,  
and t o  compare t h e  r e s u l t i n g  balance of energy demand and supply with t h e  
ba lance  under no change i n  po l i cy .  To i l l u s t r a t e  our methodology we pre.?r,f 
a d e t a i l e d  ana lys i s  of a uniform r a t e  of tax per  Btu f o r  each type  o f  energy 
used i n  t h e  U.S. economy, a s  proposed i n  The b e r m  Revenue and Development Act 
of 1973, introduced by Senator Mike Gravel and t h e  sub jec t  of recent  hearirigz t;. 
t h e  Senate  Finance Ccmmittee. 30 
We can d i s t i ngu i sh  between two types of Btu t a x e s ,  f i r s t ,  a uniform t a x  cn 
all e n e r a  consumed and, second, a uniform t a x  on f i n a l  ccrisumption of e r i c r a .  
A t a x  on a l l  energy consumed would have t h e  e f f e c t  of  c r e a t i n g  a wedge equs l  t o  
t h e  t a x  r a t e  between the  p r i c e  rece ived  by an energy producer and t h e  p r i c ?  paid 
by an energy consumer. The f i r s t  s t age  of our po l i cy  a n a l y s i s  is t o  re-compu~e 
t h e  p r i c e s  f o r  a l l  n ine  s e c t o r s  of  t h e  U.S. economy, incorpora t ing  t h e  t axes  
pa id  by consumers i n t o  our behaviora l  equations f o r  t h e  demand and supply f o r  
energy. Given t h e  r e s u l t i n g  p r i c e s ,  we then  determine t h e  corresponding input-  
output  c o e f f i c i e n t s  f o r  al l  s e c t o r s .  F i n a l l y ,  we e s t ima te  t h e  e f f e c t  of t h e  
change i n  p r i c e s  on t h e  a l l o c a t i o n  of  personal  consumption expenditures t o  
obta ln  t h e  component of t h e  f l n a l  aemana vec to r  corresponuing t o  pcrsunaL 
consumption expendi tures .  
The f i n a l  s t age  of our ana lys i s  i s  t o  determine t h e  e f f e c t s  of a uniform 
Btu t a x  on all energy consumed on i ndus t ry  output  l e v e l s  and on t h e  ~ J L o c a t i c n  
o f  ~lnployment and c a p i t a l  among s e c t o r s  by means of  input-output  a n a l y s i s ,  baaed 
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on t h e  new s e t  of input-output c o e f f i c i e n t s .  These e f f e c t s  include t h e  d i r e c t  
e f f e c t s  of t h e  s u b s t i t u t i o n  of c a p i t a l  and o ther  inputs  f o r  energlr i n  t h e  produc- 
ing  s e c t o r s  and the i n d i r e c t  e f f e c t s  induced by changes i n  t h e  r e l a t i v e  pr ices  
of  a l l  products a s  a r e s u l t  of t h e  t a x  on energy. Given the  l e v e l s  of 
domestic production of each type of energy and t h e  p r i c e s  of energy products ,  
we can determine t h e  impact of t h e  Btu t a x  on t h e  l e v e l  of energy i n p o r t s  mrl 
t h e  balance of t r a d e  of t h e  U.S. economy. 
A uniform Btu t a x  on f i n a l  consumption of  energy has fewer reper cussions 
than  a tLw on all energy consumed. Given t h e  p r i c e s  of  energy and o ther  
products, a t a x  on t h e  f i n a l  consumption of energy c rea tes  a wedge betveen 
t h e  p r i c e s  paid f o r  energy by producers and  price^ paid by f i n a l  consumers. 
Given t h e  p r i c e s  of  energy, including t h e  t a x ,  and t h e  p r i c e s  of o ther  products 
i n  t h e  economy, we can determine t h e  a l l o c a t i o n  of  personal  consumption expendi- 
t u r e s  among t h e  eleven components included i n  our model of t h e  household 
s e c t o r .  We rep lace  t h e  consumption component of  f i n a l  demand by t h e  new con- 
sumption vec tor  and re-compute i n d u s t r j  output l e v e l s ,  employment, and t h e  
d i s t r i b u t i o n  of c a p i t a l  among sec tors .  A s  before,  we can determine t h e  impnct 
of t h e  t a x  on energy imports and t h e  balance of t r a d e .  
We first present  a summary of t h e  impact of 6 Btu t a x  on t o t a l  energy 
consumption i n  t h e  new consumption i n  t h e  United S t a t e s  and on t h e  composition 
Of energy u t i l i z a t i o n .  We attempt t o  answer t h e  following quest ions:  
1. What e f f e c t  does a Btu t a x  have on energy use? 
2. How does t h i s  e f f e c t  vary with t h e  t a x  r a t e ?  
3. Does t h e  e f f e c t  d i f f e r  between intermediate  and f i n a l  energy use? 
4. What i s  t h e  e f f e c t  of a Btu t a x  l e v i e d  only on intermediate  energy 
use? 
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5. What i s  t h e  e f f e c t  of a Btu tax l ev i ed  only on f i n e l  energy use:' 
We next  consider poss ib l e  t a x  p o l i c i e s  i n  which t h e  Btu t a x  can be  
used t o  achieve the  g o d  of independence from energy i m ~ o r t s  by 1985. Of 
course,  t h e  Btu t a x  is only one of many pol icy  instruments t h s t  might be used 
t o  reduce demand such a s  a s a l e s  t a x  on energy, t a x  incent ives  o r  d i r e c t  sub- 
s i d i e s  t o  s t imu la t e  supply, government research  and development programs t o  
s t imu la t e  t h e  in t roduc t ion  of new energy technologies ,  energy ccnservation 
measures such a s  r e s t r i c t i o n s  on t h e  use  of passenger aufomobiles, and s o  on. 
Our conclusion i s  t h a t  independence of energy imports can be achieved by t a x  
po l i cy ,  but  t h a t  t h e  t a x  r a t e s  requi red  increase  r ap id ly  with t i n e .  For 
example, energy independence r equ i r e s  a t a x  r a t e  of 29 cen t s  per  mi l l i on  Etu 
i n  1980, bu t  t h e  required t a x  r a t e  r i s e s  t o  64 cents  Ter mi l l i on  Btu i n  1095. 
6.2. Tax po l i cy  and conservation.  The simulations involving t h e  Btu 
t a x  i n  t h i s  s ec t ion  were conducted under t h e  assumption t h a t  t h e  t a x  is not 
accompanied by any change i n  import regula t ions  so t h a t  j u s t  a s  rruch energy 
can b e  imported once t h e  t a x  is inposed a s k  t h e  absence of t h e  tax .  The impact 
of  var ious  l e v e l s  of  Btu t a x  on in termedia te ,  f i n a l  and t o t a l  energy ddeand 
i s  shown i n  Table 18. The r e s u l t s  i n  t h i s  t a b l e  suggest  t h e  following con- 
c lus ions .  F i r s t ,  t h e  Btu t a x  can produce a s i g n i f i c a n t  reduct ion  i n  t o t a l  
energy use .  The h ighes t  r a t e  shown, $190,000 per t r i l l i o n  Btu,  induces a 15.6% 
reduc t ion  i n  energy demand. Reductions of t h i s  o rde r ,  a s  w i l l  be discussed i n  
t h e  next  s e c t i o n ,  a r e  s u f f i c i e n t  t o  achieve U.S. energy independence by t h e  
e a r l y  1980's .  Second, t h e  incremental impact on energy use  of t h e  Btu t a x  
diminishes a s  t h e  t a x  increases .  Thus, while t h e  lowest t a x  shown l eads  t o  
a reduct ion  of 72.4 q u a d r i l l i o n  Btu ' s  f o r  each m i l l i o n  d o l l a r s  per  t r i l l i o n  Btu, 
t h i s  r educ t ion  s t e a d i l y  f a l l s  t o  65.8 quadr i l l i on  Btu per mi l l i on  do l l a r s  of 
Table 1 8 .  
Iplpact of Btu Taxes on Energy Use i n s *  
Tax k t e  ($m/tr  Btu) 0 0.0475 0.077 0.119 0.190 
- 
T o t a l  U.S. Energy Use 
Use ( t r  Btu) 80250 76085 74755 72918 67755 
Change i n  use ( t r  Btu) 4165 5495 8232 12495 
Change l tax  r a t e  7 24 34 71363 69176 65763 
Percen tage  r e d u c t i o n  i n  use  -5.2 -6.8 -10.3 -15.6 
I n t e r m e d i a t e  Energy Use 
Use ( t r  Btu) 53657 51299 50535 48948 46436 
Change i n  use  ( t r  Btu) 2358 3122 4709 7221 
Change l tax  r a t e  41008 40545 395 71 38005 
P e r c e n t a g e  r e d u c t i o n  i n  use -4.4 -5.8 -8.8 - 1 3 . 5  
F i n a l  Energy Demand 
Use ( t r  Btu) 26593 24787 24220 23070 21320 
Change i n  u s e  ( t r  Btu) 1806 2373 3523 5273 
Change l tax  r a t e  31408 30818 29605 27752 
P e r c e n t a g e  r e d u c t i o n  i n  u s e  -6.8 -8.9 -13.2 -19.8 
* T h i s  r e f e r s  t o  a Btu t a x  a p p l i e d  t o  a l l  energy s a l e s .  No change i n  import  
r e g u l a t i o n s  iki assumed. The 1975 f o r e c a s t  i s  that: shown i n  Sec t ion  2 .  
tax f o r  t h e  highest  t ax  r a t e  shown. It i s  a l s o  t h e  case,  however, t h a t  t h i s  
reduct ion i s  r a t h e r  gradual so  t h a t  an assumption of :onstant t a x  e f fec t iveness  
i s  n o t ,  a s  a f i r s t  approximation, unreasonable. Third ,  t he  impact of t h e  t ax  
i s  propor t ionate ly  g rea te r  f o r  f i n a l  demand then f o r  intermediate demsnd f o r  
e n e r a .  Typical ly ,  t h e  percentage reduction i n  energy use f o r  i n t e m e d i a t e  
purposes i s  only two t h i r d s  t h e  reduction i n  f i n a l  demand use. The zbsolute  
reduction i n  energy usage i s ,  however, g rea te r  i n  intermediate than i n  f i n a l  
demand categor ies .  Thus, it t u rns  out t h a t  t h e  Btu t a x  leads  t o  nore Btu ' s  being 
r e l eased  from intermediate use than from f i n a l  use ylthough it i s  t h e  f i n d  users  
who give  up r e l a t i v e l y  more of t h e i r  consumption. 
The Btu t a x  r a t e s  a r e  t r a n s l a t e d  i n t o  d o l i a r s  per physical  u n i t  of each 
f u e l  i n  Table 19.  The t axes  a r e  around $2 per  ton of coa l ,  about one four th  
i t s  average 1971 p r i c e ,  around $0.40 a b a r r e l  of o i l ,  l e s s  than teri percent cf  
i t s  average p r i c e ,  around $0.0003 a kilowatt  !lour of e l e c t r i c i t y ,  only about. 2% 
of t h e  e l e c t r i c i t y  p r i c e ,  and around $0.10 per thousand cubic f e e t  of gas ,  
about one-tentn of t n e  gas p r i ce .  Tne a l i r e r e n ~  r a t i o s  of Tax G O  1ue1 p r l ce  
pr imar i ly  r e f l e c t  t h e  d i f f e r e n t  Btu contents per  d o l l a r  of each fuel--coal i s  
by &ir t h e  cheapest f u e l  i n  terms of M u  cost  and conseqilently, t h?  Btu t a x  
forms a m c h  l a r g e r  sum i n  r e l a t i o n  t o  i ts pr ice  than i n  t h e  case of the  o the r  
f u e l s ,  while e l e c t r i c i t y  i s  very expensive pe r  Btu so  t h a t  t h e  Btu t a x  i s  very 
mall i n  r e l a t i o n  t o  t h e  p r i ce .  
The impact of a t a x  on any f u e l  v a r i e s  according t o  t h e  t a x  base,  i n  
p a r t i c u l a r  a s  t o  whether it i s  l ev ied  on f i n a l  uses of energy, on intermediate 
uses o r  on both.  The impact o f  a Btu t a x  applying t o  a l l  energy s a l e s  has been 
summarized ab6ve. We now comprire t h e  impact of the  Btu f a x  when t h e  base i s  
r e s t r i c t e d  f i r s t  t o  intermediate purchases of energy and second t o  purchases of 
energy f o r  f i n a l  use. Table 20 presents  t h e  energy consumption i n  each of t h e s e  
Table 19. 
Btu Tax Rates i n  T e r n  of  Physical Units  
Btu Tax Rate 
(Sm,tr Btu) 
Average 1971 
0.0575 0.077 0.119 0.190 Price  
Equivalent tax per physical  uni t  
I 
Coal 
$/short  ton 
Refined petroleum 
products, $/barrel  0 .32  0 .42  0 .66  1 .05  6 .49  
E l e c t r i c i t y  
$/kwhr 
Gas 
$/thousand cubic f e e t  0 .06  0 . 0 8  0 .12  0 .20  
Table 20. 
Impact of Btu Taxes Appliod t o  Different  Bases * 
Only Final  Energy Sales Taxed Only I n t e ~ m e d i a t e  ~ n e r g y .  Sa lc s  Taxarl 
Tax Rate 
S d t r  Btu 0 0.077 0.119 0.190 0 0.077 0.119 0.190 
To,tal U.S. Energy Use 
Use ( t r  Btu) 80250 77988 76880 75177 80256 76907 75142 72261 
Change i n  we 2262 3370 5673 3343 5108 7989 
( t r  Btu) 
Change/tax r a t e  29376 28319 26700 43415 42924 42047 
I reductions i n  use -2.8 -4.2 -6.3 -4.2 -6.4 -10.0 
In termedia te  Energy Use 
Use ( t r  Btu) 53657 52980 52649 52141 53657 51158 49837 47682 
Change i n  use 677 1008 1516 2499 3820 5975 
( t r  ~ t u )  
Change/tax r a t e  8792 8470 7979 32454 32100 31447 
X reduct ions  i n  use -1.3 -1.9 -2.8 -4.7 -7.1 -11.1 
Fina l  Energy Demand 
Use ( t r  Btu) 26593 25008 24231 23036 26593 25749 25305 24580 
Change i n  use 1585 2362 3557 844 1288 2013 
(t ;  Btu) 
Channe/tax r a t e  
X r e i u c t i o n  i n  use -6.0 -8.9 -13.4 
* The s imulat ions  a r e  based on the  1975 fo recas t  described above. 
cases  f o r  t h r e e  of t h e  t a x  r a t e s  considered above. 
The r e s u l t s  emerging from Table 20 can be  summarized a s  fo l lows .  F i r s t ,  
a t a x  only on in te rmedia te  energy s a l e s  induces a g r e a t e r  reduc t ion  i n  a c t u a l  
energy consumed than  does t h e  same r a t e  of t a x  app l i ed  only t o  f i n a l  s a l e s .  
Second, e i t h e r  t a x  base o f f e r s  t h e  p o t e n t i a l  f o r  s i g n i f i c a n t  reduc t ions  i n  
t o t a l  energy use.  Thus i f  p o l i t i c a l  cons idera t ions  d i c t a t e d  t h a t  only f i n a l  
energy s a l e s  be  t a x e d ,  t h e  Btu t a x  could s t i l l  cause marked reduc t ions  i n  t o t s 1  
energy use .  Thi rd ,  even i f  a t a x  i s  l e v i e d  on ly  on one c l a s s  of  s a l e ,  t h e  
o t h e r  c l a s s  i s  s t i l l  a f f e c t e d .  Tax on f i n a l  u se  l e a d s  t o  a reduc t ion  i n  f i n a l  
energy u se  which, i n  t u r n ,  l e a d s  t o  reduced a c t i v i t y  i n  t h e  f i e 1  s e c t o r s  and 
t o  reduced i n t e rme d i a t e  purchases by t h e s e  s e c t o r s .  S imi l a r l y ,  a tax only on 
i n t e rme d i a t e  energy u s e  l e a d s  t o  increased  f u e l  p r i c e s  and t h e s e  l e a d  t o  de- 
c reased  energy u s e  a t  f i n a l  a s  wel l  a s  in te rmedia te  l e v e l s  of  a c t i v i t y .  II, 
does emerge, however, t h a t  t h e  t a x  on f i n a l  use  ha s  l e s s  inpac t  on ?' .r , terzediace 
energy consumption t h a n  t h e  t a x  on in te rmedia te  ccnsumption has on I'inzl 
energy use.  
6.3. Import independence. This  s ec t i on  examines var ious  t a x  s cena r io s  
i n  which t h e  Btu t a x  can be used t o  ach ieve  t h e  goa l  o f  independence from energy 
imports  by 1985. Again, t h e  a n a l y s i s  i s  based on t h e  D R I  energy model s o  t h a t  
account i s  t a k e n  of  f i n a l  demand, i n t e rmed ia t e  demand, and input  s u b s t i t u t i o n  
e f f e c t s  on t h e  t a x .  Also, it must be  emphasized t h a t  t h e  9 t u  t a x  i s  only one 
of s e v e r a l  p o l i c y  ins t ruments  t h a t  a r e  a v a i l a b l e  t o  t h e  U.S. gcvernment i n  
reduc inu  consumption o f .  and imports  o f ,  energy;  another  p o s s i b l e  t a x ,  t h e  s a l e s  
tax on energy,  i s  discussed  i n  t h e  fol lowing s e c t i o n .  
Table 21 shows, f o r  t h e  t h r e e  fo r eca s t  yea r s  1975, 1980 and 1985, t h e  inpac 
of  s e v e r a l  Btu t a k e s  on t o t a l  U.S. energy demand and on U.S. imports o f  energy. 
The Btu t a x  i s  a pp l i e d  uniformly t o  a l l  f u e l  imports  and t o  domestic s a l e s  of 

coa l ,  crude petroleum, r e f ined  petroleum products,  e l e c t r i c i t y  and n a t u r a l  
gaa. The simulations assume t h a t ,  s ince  import independence i s  t h e  pol icy  
ob jec t ive ,  reductions i n  energy usage induced by t h e  t a x  a r e  t r a n s l a t e d  by 
import regula t ion i n t o  a reduction i n  imports. Although only o i l  and gas 
suppl ies  a r e  d i r e c t l y  a f fec ted  by t h i s  inpor t  reduct ion,  t h e  p r i ce  e f f e c t s  cf 
t h e  t a x ,  along with t h e  lower import l e v e l s ,  opera te  through i n r e r i n i u s t r y  
dependence and e n e r a  s u b s t i t u t i o n s  t o  produce changes i n  use of 911 types  of 
energy. These d e t a i l e d  e f f e c t s  a r e  examined below. Four d i f f e r e n t  t a x  r a t e -  
a r e  shown f o r  1975 t o  i l l u s t r a t e  t h e  r e l a t i o n  between t a x  r s t e  and energy u s e ;  
i n  1980 and 1985 only two t a x  r a t e s  a re  shown. 
The r e s u l t s  shown i n  Table 21 show t h a t  t h e  Btu t a x  can be an e f f e c t i v e  
means of reducing use of energy. The taxes  shorn reduce demand by up t o  275; 
h igher  t t u e s  would r e s u l t  i n  s t i l l  g r e a t e r  reduct ions .  But, more importznt ,  
t h e  Btu t a x  i s  an e f f e c t i v e  means of reducing dependence on imports. The 1985 
simulations show t h a t  a progress ive  increase  i n  t h e  Etu t a x  r 3 t e  t o  S0.64~) per 
m i l l i o n  Btu w i l l  serve  t o  reduce imports t o  a neg l ig ib le  l e v e l  ( a  l e v e l  e c u a  
t o  about one t e n t h  of 1973 imports) .  It can be  seen t h a t  t h e r e  s r e  -:arious 
ways of inc reas ing  t h e  t a x  r a t e  over t h e  period up t o  1385 t h a t  w i l l  secure 
t h i s  g o d  of energy independence. For example, one poss ib le  t a x  scheme t h a t  
would secure  import independence is  shown i n  Table 22, but t h i s  i s  only .sne of 
many poss ib le  syatems t h a t  can be in fe r red  from Table 21. The t a x a n n o t  be re-  
moved a f t e r  1985, however. I n  f a c t ,  t h e  t a x  r a t e  w i l l  have t o  increase  graduciilf 
from its 1985 l e v e l  i f  demand is t o  be maintained a t  a l e v e l  t h a t  can b e  
s a t i s f i e d  from U.S. production v i t h  only minimal energy imports. 
The Btu t a x  required  t o  achieve energy independence by 1985 would 
produce s u b s t a n t i a l  revenue f o r  t h e  Federal  Government. Table 2? Shows ec,<irr?te: 
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Table 22. 
A Possible Btu Tax System f o r  Energy Independence 
Tax Rate 
(S/m Btu) 
Imports i n  U.S. 
Energy Use ( 4 ; )  
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of t h i s  revenue which would s t a r t  i n  t h e  region of  $4 bn i n  1975 and increase  
up t o  $54 bn by 1985. This  revenue vould be  s u f f i c i e n t  t o  s u s t a i n  a s u b s t a n t i a l  
Energy Trust  Fund which could, i n  t u r n ,  be used t o  support large-scale  ecergf 
research and development. Al te rna t ive ly ,  o r  i n  add i t ion ,  t h e s e  funds could 
be used t o  support t h e  extended mass t r a n s i t  f a c i l i t i e s  t h a t  would be n e c e s s e r j  
a s  people were induced by t h e  energy t a x  t o  p lace  l e s s  r e l i a n c e  on t h e  
automobile f o r  urban t r a n s p o r t a t i o n .  It is  i ~ p o r t a n t  t o  n c t e ,  ~LI:ID-IPI, t h e t  
some means of re tu rn ing  t h e s e  energy t a x  revenues t o  t h e  economy i s  d e s i r a b l e  
i n  order  t o  avoid t h e  def la t ionary  impact of  e x t r a c t i n g  such a volume of 
income from t h e  p r i v a t e  economy. 
There a r e  two s e t s  of considerat ions t h a t  would l e a d  t o  a smaller  Etu 
t a x  than t h a t  depicted i n  Table 22. F i r s t ,  imports from count r ies  such 
a s  Canada, Venezuela and Indonesia might be regarded a s  s u f f i c i e n t l y  ~ e l i a b l e  
t h a t  t h e  ob jec t ive  of import independence might be i n t e r p r e t e d  as independence 
from Middle East producers. I f  t h i s  were t h e  case ,  then  a lower t a x  r a t e  p r ~ r ' i l e  
could be i n f e r r e d  from Table 21 a s  s u f f i c i e n t  f o r  t h e  purpose. Second, the  
e i n u l a t i o n s  i n  Table 21 a r e  predicated on t h e  U.S. energy production l e v e l s  
underlying t h e  f o r e c a s t s  of t h e  U.S. Department of t h e  I n t e r i o r  (Dupree aqd 
West,1972). These al low f o r  Alaskan North s lope o i l  production and some new 
d iscover ies  i n  t h e  lower 48 s t a t e s .  Hew d iscover ies  of  o i l  and/or qtis rese rves  
in t h e  U.S. would provide an a l t e r n a t i v e  p o t e n t i a l  means of reducing dependence 
on imports.  Whether such a discover ,  even i f  it were t o  occur i n  t h e  n e a r  
f u t u r e ,  would r e s u l t  i n  a Subs tan t ia l  con t r ibu t ion  t o  domestic o i l  o r  gas  outpur 
much before 1985 can be regarded a s  quest ionable.  However, on t h e  l a t e s t  
a v a i l a b l e  information on United S t a t e s  domestic production and rese rves  of o i l  
and gas ,  t h e  f i g u r e s  i n  Table 21 f o r  t h e  t a x  r a t e s  requ i red  fo? energy indapPndence 
a r e  appropr ia te .  
The r e l a t i o n  between t h e  r a t e  of Btu t a x  and t h e  r e s u l t i n g  red t l c t i cn  i n  
energy use  is shown i n  Table  23. It is  c l e a r  f rcm t h i s  ir.f'orna?ion that .  3 
higher  t a x  r a t e  loads  to  a  g r e a t e r  r educ t ion  i n  energy u s e  bu t  t h a t  t h e  r e l a t i u n  
i s  no t  one of p r o p o r t i o n a l i t y .  Inc reases  i n  t h e  t a x  r a t e  have a dirnir.ish.;:ig 
impact on t h e  r educ t ion  i n  energy u s e .  Tinerefore, each a d d i t i o n e i  at11 r a h c t i ~ n  
i n  e n e r a  usage r e q u i r e s  a  l a r g e r  i n c r e a s e  i n  'he r a t e  of t h e  Etu t a x .  F-r- 
t u n a t e l y ,  t h e  r e d u c t i o r ~  i n  t h e  e i l e c t i v a r l e s s  of the  Btu t a x  i s  g radua l ,  
s u b s t a n t i a l  r educ t ions  i n  e n e r a  u s e  and i n  import dependence czri b? o5 tn ine5  
from t a x  r a t e s  t h a t  a r e  n c t  u r ~ r e a s o ~ ~ a b l y  h igh  i n  t e r n s  of revenue y i e l d .  
'I'he impact of t h e  v a r i o u s  a t u  t w e s  on energy use  i s  g iven i n  d e t a i l  i n  
Table  24 and i n  Table  25. This  informat ion shows t h a t  t h e  Btu tzv. has 
markedly d i f f e r e n t  e f f e c t s  on t h e  u s e  of t h e  d i f f e r e n t  types  o f  f c e l - - c o d ,  
pet roleum,  e l e c t r i c i t y ,  and gas .  I n  each of t h e  t h r e e  y e a r s  analyzed.  t h e  
r ank ing  i n  terms of change i n  energy use  i s  s u b s t a n t i a l l y  t!lc ??a?; t h e  
g r e a t e s t  change i n  ute occurs  i n  n a t u r a l  g a s ,  then pr:trolrlul~, t t ~ c ~ ~  5<:.11, a:ld 
t h e  l e a s t  change i n  u s e  occurs  i n  e l e c t r i c i t y .  The e f f e c t  a s  measured by 
t h e  pe rcen tage  reduc t ion  i n  t o t a l  U.S. demand f o r  t h e  f u e l  caused by t h e  Btu 
t a x  i s  c l e a r l y  g r e a t e s t  f o r  gas usage,  which i n  t u r n  i s  s u b s t a n t i a l l y  g r e s t e r  
t h a n  petroleum,  wi th  c o a l  and e l e c t r i c i t y  t h e n  fo l lowing  without  s o  much 
d i f f e r e n c e  between t h e i r  usage reduc t ions .  
Apart from c o d ,  which i s  used almost e n t i r e l y  as an i n t e m e d i s t e  
i n p u t ,  both  f i n a l  consumption and in te rmed ia te  u s e s  s h a r e  s u b s t a n t i d  drops  
t m d ~ r  t h e  Rt.11 ~ R X .  The impact on f i n a l  demand r e l a t i v e  t o  in t e rmed ia te  use  
does vary among t h e  d i f f e r e n t  Puels .  I n  terns of t h e  percentage reduc t ion  i n  
use  t h a t  r e s u l t s  from t h e  tax, consungtion of petroleum prcduc t s  f a l l s  more 
i n  f i n a l  consumption than  i n  in t e rmed ia te  u s e ,  whi le  f o r  e i e c t ~ i c i t y  
Table 23. 
Relation Between Btu Tax Rates and ledcc:ion i n  1 Y ? 5  Ener::v Us? 
Tax Rate ($ /m Btu) 0.041 0.0575 0.077 G.119 0.190 
Reduction i n  U.S. Energy 300 7 39 31 5188 7782 11845 
Use ( t r  Btu) 
Energy Reduction/Tax Rate 73341 68365 67376 65395 52342 
Table  24. 
Impact of Btu Taxes on U.S. Energy Use 
(Energy f lows  i n  T r i l l i o n  a t u )  
F i n a l  Consum~t ion  In t e rmed ia t e  Use T o t a l  U.S. Denand 
1975 
Tax Rate 0 0.0575 0.119 0 0.0575 0.119 0 0.0575 0.119 
(Slm Btu) 
Coal 71  69 68  13671 13130 12585 13742 13159 12663 
Refined 15542 14553 13597 18698 18097 17484 34241 32650 31060 
Petroleum 
Z l e c t r i c i t y  3106 3039 2968 4169 4016 3861 7275 7055 6830 
Gas 7874 7131 6447 17118 16284 15L48 24992 23415 21835 
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Final  Consumption Intermediate Use Total  U.S. Demand 
1975 
0 0.0575 0.119 0 0.0575 0.119 0 0.0575 0.119 
- 
1980 
Tax Rate 0 0.184 0.290 0 0.184 0.290 0 0.184 0.290 
(S/m Btu) 
Coal 0 -5.8 -8.1 -9.6 -14.3 0 -9.6 -14.3 
Refined 0 -15.8 -23.3 -7.7 -11.8 0 -11.3 -17.0 
Petroleum 
E l e c t r i c i t y  0 -6.3 -9.7 0 -9.7 -14.7 0 -8.1 -12.4 
Gas 0 -22.1 -31.7 0 -11.2 -17.1 0 -14.: -?I.? 
Total  0 -13.1 -23.6 0 -9.4 -14.3 0 -11.7 -17.4 
1985 
Tax Rate 0 0.480 0.640 0 0.480 0.640 0 0.480 0.640 
(S/m Btu) 
Coal 0 -11.0 -14.6 0 -17.5 -22.1 0 -17.5 -22.1 
Refined 0 -31.2 -38.4 0 -14.5 -18.9 0 -21.9 -27.6 
Petroleuni 
E l e c t r i c i t y  0 -14.3 -18.4 0 -20.7 -26.2 0 -17.6 -22.5 
Gas 0 -39.5 -47.8 0 -19.2 -25.0 0 -25.6 -32.1 
Total  0 -30.3 -37.2 J -17.2 -22.1 0 -21.6 -27.2 
intermediate  use f a l l s  more and f o r  gas f i n a l  use shows t h e  g r e a t e r  reduct ion.  
The d i f f e r e n t  r e l a t i v e  impacts of t h e  uniform Btu t a x  on t h e  various 
f u e l s  can be a t t r i b u t e d  t o  various f a c t o r s .  E l e c t r i c i t y  i s  a lready t h e  mcst 
expensive source of energy. The 1971 cos t  per Btu f o r  t h e  d i f f e r e n t  f u e l s  a r e  
shorn i n  Table 26. E l e c t r i c i t y  i s  four times a s  expensive per  Btu a s  t h e  next  
most expensive f u e l ,  petroleum. Each d o l l a r  of  t a x  per  Btu r e s u l t s  i n  a  smeller 
r e l a t i v e  increase  ir? t h e  p r i c e  of e l e c t r i c i t y  than i n  t h e  p r i c e  of o ther  f u e l s ;  
t h i s  i s  d e t a i l e d  i n  the p r i c e  information i n  Table 19. Thus, e l e c t r i z i t y  bccones 
r e l a t i v c l y  l e s s  expensive than o ther  energy sources,  leading t o  some s u b s t i t u t i o n  
of e l e c t r i c i t y  f c r  t h e s e  o ther  f u e l s .  Also, e l e c t r i c i t y  is  such a  convenient 
and f l e x i b l e  energy source t h a t ,  f o r  many u s e r s ,  it has no close s u b s t i t u t e  
and i t s  u s e  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  changes i n  p r ice .  
Coal usage f a l l s  only s l i g h t l y  more than usage of  e l e c t r i c i t y ,  but  
f o r  d i f f e r e n t  reasons. From Tz~ble 26 coa l  can be seen t o  be much t h e  cheapest 
energy source and even a f t e r  i t s  p r i c e  has r i s e n  t o  accomodate the  Btu t a x ,  
it i s  s t i l l  r e l a t i v e l y  cheap f o r  those  uses t o  which it i s  s u i t e d ,  p a r t i c u l a r l y  
i n d u s t r i a l  and e l e c t r i c i t y  generat ing f u e l .  Lack of  a v a i l a b i l i t y  of s u b s t i t u t e  
fue l s  i n  similar q u a n t i t i e s ,  with similar r e l i a b i l i t y  of supply o r  as  cheaply a s  
c o a l ,  r e s u l t s  i n  a  smaller reduct ion i n  c o a l  use than i n  t h e  use of any o ther  
primary energy source. 
Consumption of petroleum products i s  reduced i n i t i a l l y  by t h e  reduct ion 
i n  imports and t h e  consequent r i s e  i n  p r i c e .  The r i s e  i n  t h e  p r i c e s  of petroleum 
products  caused by t h e  t a x   lead^ t o  s i g n i f i c a n t  reduct ions i n  usage, p a r t i c u l a r l y  
i n  t h e  f i n a l  consumption l e v e l .  Natural gas is s i m i l a r  but  i s  subject  t o  more 
competition from s u b s t i t u t e  f u e l s .  Given t h e  s u b s t a n t i a l  r i s e  i n  p r i c e  
of n a t u r a l  gas ,  added t o  a  p r i c e  already a r t i f i i c a l l y  low due t o  p r i c e  regu la t ion ,  
t h e r e  is a  s u b s t a n t i a l  reduct ion i n  usage of gas ,  p a r t i c u l a r l y  i n  f i n a l  consump- 
t i o n .  
Coal 
Petroleum Products 
E lec tr ic i ty  
Gas 
Table 26. 








The impact of t h e  Btu taxes  on price:; i s  shown i n  Tuble 27. Taxes on 
energy lead  t o  higher e n e r a  p r i c e s  and t h e s e ,  i n  tu rn ,  f i l t e r  through the  
e n t i r e  economic system, r a i s i n g  p r i c e s  i n  a l l  s e c t o r s .  The e f f e c t  on o v e r a l l  
p r i c e s ,  as  measured by t h e  average p r i c e  of goods and s e r ~ r i c e s ,  f o r  example, i s  
not s u b s t a n t i a l .  I n  1985, under a Btu t a x  system s u f f i c i e n t  t o  achieve energy 
independence, t h e  o v 3 r a l l  p r i c e  l e v e l  i s  3.1% higher  than it would have been 
without an energ;r t ax .  I n f l a t i o n  wou1.d aversge 3.3% a y e w  v:th the  t m  ss 
opposed t o  3.0% without it over t h e  period t,c i985. 
The impact of t h e  Btu t a x  on t h e  e n e r a  sec tor  p r i c e s  v a r i e s  markedly 
betveen t h e  d i f f e r e n t  fue l s - -e lec t r ic . i ty  p r i c e s  increese  t h e  l e a s t ,  i n  p s r c e n t c ~ ?  
terms,  s ince  e l e c t r i c i t y  i s  already expensive i n  tel-ms of Btu. The pr ice  of 
coa l  does not increase  much more i n  p r i c e  than e l e c t r i c i t y  s ince  supgly ccndi- 
t i o n s  i n  t h e  coal  indus t ry  a r e  such t h e t  only pa.rt of t h e  ~P-Y  i s  passe? on ts 
purchasers .  Petroleum products increasn ir, p r i c e  by more 'ihan e l e c t r i c i t y  ?.s 
demand condit ions permit t h e  t a x  t o  be ~ a s s e d  on i n  t h e  form o f  higher  p r i c e s .  
Natural  gas p r i c e s  behave s i m i l a r l y ,  but increase  even more than ~ e t r o l e u m  p r i c ~ s  
The average percentage increase  i n  p r i c e s  for a E t u  t a x  of $1  mi l l ion  per  
t r i l l i o n  Btu i s  given i n  Tabel 28 although I t  should be noted t h a t  t h e  r e l a t i o n  
between t a x  r a t e  and p r i c e  increase  i s  not proportj.onal--increases i n  p r i c e s  
increase  with taxes but  not a s  rnp;dly. 
The e f f e c t  of t h e  Btu taxes  on output i s  shown i n  Table 29 .  The 
reduct ion i n  energy use caused by t h e  Btu t a x  does have a cos t  i n  production m d  
consumption. This  cost  i s  not ,  however, very large--energy independence 
by  1985 l e a d s  t o  output i n  t h a t  year only 1.6% below t h e  output t h a t  would 
have been p o s s i b l e  i f  t h e r e  had 5een no r e s t r i c t i o n  on imoorts snd no Btu tax .  
The s e c t o r a l  impact of t h e  tax i s  primari ly  on output of t h e  energy s e c t o r s .  
Table 27. 
Effect of Btu Taxes on Prices 
(Percentage difference of the average output price of 




Tax Rate 0 0.0575 0.119 0 0.184 0.290 0 0.480 0.640 
($/m Btu) 
-- 
Agriculture 0 0.3 0.6 0 0.8 1.2 0 1.7 2.3 
Manufacturing 0 0.3 0.6 0 0.7 1.2 0 1.7 2.2 
Transport 0 0.3 0.7 0 0.9 1.4 0 1.9 2.6 
Services 0 0.1 0.2 0 0.3 0.6 0 0.6 0.8 
Coal 0 4.3. 8.9 0 11.0 17.4 0 23.2 31.0 
Crude 0 4.3 8.9 0 11.6 18.4 0 27.3 36.5 
Petroleum 
Refined 0 6.3 13.2 0 17.0 27.4 0 39.1 53.8 
Petroleum 
Electricity 0 2.2 4.5 0 6.5 10.4 0 16.1 21.8 
Gas 0 10.1 21.4 0 26.5 43.4 0 57.2 80.2 
Consumer 0 0.4 0.8 0 1.0 1.7 0 2.3 3.1 
Prices 
Table  28. 
Average E f f e c t  on P r i c e s  and Output i n  1985 o f  t h e  Btu Tax 
(Average Percentage  i n c r e a s e  of p r i c e s  o r  output  
w i th  t h e  Btu t a x  imposed over  p r i c e s  o r  output  with 
no t a x ,  f o r  a tax of $l/m Btu) 
A g r i c u l t u r e  
Manufacturing 
T ranspo r t  
S e r v i c e s  
Coal  
Crude Pe t ro leum 
Ref ined  Pe t ro leum 
E l e c t r i c i t y  
Gas 





















Effec t  of Btu Taxes on Output 
(Percentage d i f f e r ence  of t he  output  with t h e  Btu tax  
iaposed from t h e  output  wi th  no t a x )  
Tax Rate 0 0.0575 0.119 0 0.184 0.290 0 0.480 0.640 
(S/m Btu) 
Agr i cu l tu re  0 -0.3 -0.7 0 -0.8 -1.3 0 -1.9 -2.4 
Hanufacturing 0 -0.3 -0.6 0 -0.8 -1.2 0 -1.7 - 2 . 3  
Transpor t  0 -0.3 -0.7 0 -0.9 -1.4 0 -1.8 - 2 . L  
Serv ices  0 -0.2 -0.4 0 -0.5 -0.7 0 -1.0 -1.4 
Coal 0 -3.5 -6.9 0 -8.5 -12.7 0 -15.7 -19.8 
Crude 0 -3.3 -6.5 0 -8.2 -12.2 0 -16.1 -20.0 
Petroleum 
Refined 0 -4.7 -9.3 0 -11.4 -17.0 0 -22.0 -27.7 
Petroleum 
E l e c t r i c i t y  0 -3.0 -6.1 0 -8.1 -12.3 0 -17.6 -22.5 
Gas 0 -6.3 -12.4 0 -14.7 -21.7 0 -25.6 -32.2 
To ta l  
Output 
(GNP) 
As h a s  been discussed a l r eady ,  t h e  impact i s ,  among t h e  energy s e c t o r s ,  
l e a s t  for e l e c t r i c i t y ,  s l i g h t l y  more f o r  coa l ,  more f o r  petroleum and most f o r  
gas.  Economizing on f u e l  use and s u b s t i t u t i o n s  between f u e l s  iri t h e  producing 
s e c t o r s ,  a long with t h e  f a c t  t h a t  t h e  main burden of energy reduct ion f d l s  
d i r e c t l y  onto f i n a l  consumers, permit t h e  o the r  producing s e c t o r s  t c  continue 
wi th  only  minimal impact from t h e  t a x  and energy cutbacks.  
Transpor ta t ion i s  most a f f e c t e d  by tlie tax, w i t h  a ~ r i c u l t u r e  and nmu-  
f a c t u r i n g  a f f e c t e d  almost a s  much; but  output  of s e r v i c e s  i s  reduced very l i t t l e .  
The average e f f e c t  on s e c t o r a l  output  of  a one d o l l a r  t zu  Fer mi l l i on  Btu i s  
shown i n  Table 28. A l l  t hese  output f i g u r e s  s h o ~  tha t  a Btu t a x  high 5ncugh 
t o  achieve energy independence by 1985 would not s i g n i f i c a n t l y  reduce r e a l  
economic arowth; i n  f a c t ,  t h e  r a t e  of growth of r e a l  GNP would be reduced only 
about 0.15 percent  po in t s  per  yea r ,  compared t o  g romh with no l i n i t s  on i n ? c r t s  
and no energy t a x .  
This  d iscuss ion of energy t a x  i n  t h e  form of  a uniform t a x  pe r  Btu on 
all energy sources can be  summarized a s  fo l lows:  
1. A Btu t a x  does g ive  e f f e c t i v e  c o n t r o l  over t o t a l  U.S. energy usage. 
2. A Btu t a x  program would be adequate t o  achieve energy independence 
by 1985; t h e  t a x  r a t e a  r equ i red  f o r  t h i s  would not be unreasonably high i n  t e r n s  
of  revenue y i e l d .  
3. A Btu t a x  t o  secure  energy independence would r e s u l t  i n  h ighe r  ? r i c o s ,  
p a r t i c u l a r l y  of  energy products ,  but  t h e  average inc rease  i n  t h e  r a t e  of in-  
fle.t.tnn m v l d  only  be i n  t h e  order  of  0.3 percentage p o i n t s  a year .  
4. A Btu t a x  t o  secure  energy independence would have E cos t  i n  terms of  
r educ t ion  i n  output bu t  r e a l  growth would cont inue with t h e  reduct ion i n  t h e  
r a t e  o f  growth only  i n  t h e  o rde r  of 0.15 percentage p o i n t s  a gea r .  
5 .  A Btu tax t o  secure energy independence would have differing e f f e c t s  
on different fuels--electricity and coal output would be reduced the l e a s t ;  
output of petroleum products and natural gas, the most. 
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F o o t n o t e s  
-- 
1. The semina l  c o n t r i b u t i o n  t o  macro-econometric modeling o f  t h e  
U.S. economy i s  t h e  I U e i n - a l d b e r g e r  (1955) ma:ie:.. For a  r e c e n t  review 
of  macro-econometric models of t h e  United S t a t e s ,  s e e  Hickman (1972).  
2. For t h e  o r i g i n a l  development of  i ~ p u t - o u t p u t  a n a l y s i s ,  s e e  
L e o n t i e f  (1951).  A r e c e n t  compen~'iu1n of r ' z seorch  on i n p u t - o u t p u t  a n a l y s i s  
i s  C a r t e r  and Brody (1970). 
3.  A more d e t a i l e d  presrr!tzl:ion of  our  app!r2nch is c o n t a i n e d  i n  
jo rgenson ,  Berndt ,  C h r i s t e n s e n ,  and liurlson (1973).  
&. I n  t h e  K1ef.n-Gol.dberger model t h e  d e t e r m i n a t i o n  of p r i c e s  can 
be c o m p l e t e l y  supprccsed  w i t h  a resu'!r:!~l~: iaprovecient  i n  f o r e c a s r i n q  
a c c u r a c y  f o r  r e a l  magnitudes, .  See ; # i l l  :: ( 1 ? 6 2 )  nild Goldberger  (1959). 
5. The Energy b,al~encc framework 11as been m p l o y e d  by Dupree and West 
(1973) ar.d The N a t i o n a l  Pc'.roliu!n Count:: (1971, 1-97:). 
6. See ,  f o r  example, tile d i s c u s s i o n  o i  t h e  n ; : c - c l a s s i c a l  two s e c t o r  
growth model by Burmeis te r  nnd5oi:i:Ll (!3i0)  ail.! !:he r e f e r e n c e s  g iven  t h e r e .  
A morz d e t a i l e d  d i s c u s s i o n  of our  modc?. i s  p:re-mted i n  I!udson and Joraenson  
(1974);  s e e  a l s o ,  J o r g e n s o n ,  Rcrndt ,  Vfiri$tens,.::i, and Hudson (1973).  Chapter  2 .  
8. Our model of t h e  household s e c t o r  was or.;;:~L,*d-lied by C h r i s t e n s e n  
and Jnrgenson  (1968).  O c r  modcl of t h e  '>:mlness s e c t o r  was o r i g i n a t e d  
. . ,. .-.., by C i a r i s t e n s e l ~ ,  .;url;t;nsun, ~,du \I:,>, . 
'3. The d a t a  a r e  p r e s e n t e d  i n  a s c r i s . 9  of r.!..:jcles i - : r  C h r i s t e n s e n  
and J o r g e n s o n  (1969, 1970,  ?.R73a, 1973bj .  
10. Energy i m p o r t s  a r e  s i g n i f i c a n t  o n l y  Tor c r u d e  and r e f i n e d  pe t ro leum 
p r o d u c t s ,  and n a t u r a l  gas.  For t h e  per iod  1958-1572 pe t ro leum i m n o r t s  were 
s u b j e c t  t o  a sys tem of q u o t a s .  Marural  ens i m p o r t s  a r c  s u b j e c t  t o  r e g u l a -  
t i o n  by The F e d e r a l  Power Commission. For  a  d i s c u s s i o n  of  t h e  pe t ro leum 
impor t  q u c t a  sys tem,  s e e  Barrows and Domencich (1970). 
13. For  a d e t a i l e d  i n t e r p r e t a t i o n  of  t h e  p r i c e  p o f i s i b i l i t y  f r o n t i e r ,  
s e e  C h r i s t e n s e n ,  J o r g e n s o n  and Lau (1973),  e s p .  pp. 32-33. 
12. See  Samuelson (1966). 
13.  For  f u r t h e r  d i s c u s s i o n  of t h e  mole1 of p roducer  b e h a v i o r ,  s e e  
S e c t i o n  4, below. , 
14.  The i d e a  o f  t r e a d n g  input -output  c o e f f i c i e n t s  a s  f u n c t i o n s  of 
p r i c e s  can  b e  t r a c e d  t o  Wnlras (1954).  eop.  pp. 302-392; t h i s  approach h a s  
been e x t e n s i v e l y  d i s c u s s e d  by Samuelson (19G6), pp. 513-536, and Morishima 
(1964), pp. 54-92. A more i n f l u e n t i a l .  idea i s  t o  model t r e n d s  i n  input -  
o u t p u t  c o e f f i c i e n t s  w i t h o u t  t r s a t i n g  them a s  p a r t  o f  a  model o f  p roducer  
b e h a v i o r .  T h i s  a l t e r n a t F v e  approach  h a s  been  employed by Leont ie f  (1953).  
Car t e r  (1970) and Almon. e t  a l .  (1974). Comparisons of input-output coef- 
f i c i e n t s  f o r  1947, 1958 and 1961 a r e  g iven by Car t e r  (1970) and Vaccara (1972). 
15. For a d e t a i l e d  d i scuss ion  of t h e  i n d i r e c t  u t i l i t y  func t ion ,  s e e  
Chirs tensen,  Jorgenson, and Lau (1974). 
16. This  Sect ion  is based on Berndt and Jorgenson (1973). 
17. See Chr is tensen,  Jorgenson. and Lau (19731, Pp- 29-32. 
18. See Leontief (1947). 
19. See Chr is tensen,  Jorgenson, and Lau (1971). 
20. A KLEM model f o r  t o t a l  U.S. manufactur ing 'based on the  t r ans log  
p r i c e  p o s s i b i l i t y  f r o n t i e r  has  been developed by Berndt and Wood (1974). 
Berndt and Chr is tensen (1973, 1974a. 1974b) have developed models of 
cap i t a l - l abo r  s u b s t i t u t i o n  f a r  U.S. manufacturing based on t h e  t r a n s l o g  
productiori func t ion ,  which i s  dua l  t o  the  t r ans log .  
21. Methods f o r  imposing convexi ty  r e s t r i c t i o n s  have been developed 
by Lau (1974). 
22. These d a t a  were compiled by Jack Faucet t  Associa tes  (1973). 
23. The minimum d i s t a n c e  e s t ima to r  f o r  non-linear simultaneous 
equat ions  is discussed by Malinvaud (1970). pp. 325-373. 
24. See foo tno te  5 ,  above. 
25. The conversion f a c t o r s  a r e  g iven i n  Table 26, below. 
26. See Nat ionel  Petroleum Council  (1972). 
27. See: Chapman, Mount, and T y r r e l l  (1972); a d e t a i l e d  r e u o r t  an the  
econometric model underlying these  p r o j e c t i o n s  is given by Plount. Chapman, 
and T y r r e l l  (1973). 
28. See f o o t n o t e  2 above f o r  r e f e rences  t o  t he  p r o j e c t i o n s  by the  
Nat ional  Petroleum Council; s e e  Nat ional  Economic Research Aosociates 
(1972). 
29. See Fede ra l  Power Commission (1971). 
30. This  s e c t i o n  is based on Hudson and Jorgenson (1974a). presented  
a s  testimony a t  hea r ings  by t h e  Senate  Finance Committee. January 16, 1974. 
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ECONOMIC ANALYSIS OF ALTERNATIVE ENERGY GROWTH PATTERNS, 
1975 - ZOOO* 
Edward A. Hudson 
Summary 
This  s tudy p re sen t s  t he  r e s u l t s  of s imu la t ions  of U.S. economic erowth over 
the  1975-2000 per iod under d i f f e r e n t  energy supply  and demand cond i t i ons .  The 
economic impacts of moves from h i s t o r i c a l  growth p a t t e r n s  t o  an "energy t echn ica l  
f i x "  growth path ,  and from t h i s  t o  a  "zero energy growth" pa th  a r e  examined. 
The main conclus ions  a r e :  
( i )  S u b s t a n t i a l  economies i n  U.S. energy input  a r e  poss ib l e  w i th in  t he  e x i s t i n g  
s t r u c t u r e  of t he  economy and without having t o  s a c r i f i c e  continued growth of r e a l  
incomes. 
( i i )  Th i s  energy conservat ion  does have a  non- t r i v i a l  economic c o s t  i n  terms 
of a  r educ t ion  i n  r e a l  income l e v e l s  v is -a-vis  t he  h i s t o r i c a l  growth p o s i t i o n ;  
i n  2000 r e a l  income under t e c h n i c a l  f i x  growth and ze ro  energy growth a r e  both  
about 4 %  below t h e  h i s t o r i c a l  growth f i g u r e .  
( i i i )  Adaptation t o  a  l e s s  energy i n t e n s i v e  economy w i l l  no t  have a  c o s t  i n  
terms of reduced employment; i n  f a c t  i t  w i l l  r e s u l t  i n  a  s l i g h t  i n c r e a s e  i n  demand 
f o r  l abo r .  This ,  wi th  t h e  reduced r e a l  ou tpu t ,  means t h a t  l a b o r  p r o d u c t i v i t y  
i s  reduced and, correspondingly ,  r e a l  wages a r e  s l i g h t l y  lower i n  t e c h n i c a l  f i x  
o r  ze ro  energy'growth than i n  h i s t o r i c a l  growth. 
( i v )  Adapta t ion  t o  a  l e s s  energy i n t e n s i v e  economy w i l l  no t  have a  c o s t  i n  
terma of t o t a l  c a p i t a l  requirements;  i n  f a c t .  t e c h n i c a l  f i x  o r  ze ro  energy growth 
ehould r e q u i r e  s l i g h t l y  l a r e  t o t a l  c a p i t a l  i npu t  than h i s t o r i c a l  growth. 
*A Report t o  the  Energy Pol icy  P r o j e c t ,  Ford Foundation. 
(v) The s h i f t  t o  reduced e n e r g y  u s e  vill r e s u l t  i n  an i n c r e a s e  i n  r a t e s  of 
i n f l a t i o n  from a p r e d i c t e d  3.8X a y e a r  under  h i s t o r i c a l  growth t o  4.1% under  
z e r o  energy  growth. 
The q u a n t i t a t i v e  economic changes involved  i n  t h e  move t o  t e c h n i c a l  f i x  o r  
z e r o  energy  growth a r e  summarized i n  Table  1. 
Table  1 
Summary of D i f f e r e n c e s  Between Growth P a t h s  
(percentage  d i f f e r e n c e  i n  t h e  l e v e l  of  
each v a r i a b l e  between growth p a t h s )  
b - a 1  GNP 
P r i c e  of GNP 
ihployment 
C a p i t a l  i n p u t  
Energy i n p u t  
H i s t o r i c a l  v s .  H l s t o r i c a l  vs .  
Technica l  F i x  Zero Energy Growth 
1985 2 000 1985 2000 
T e c h n i c a l  F i x  v s .  




0 .35  1 .77  
0 .15  0.67 
-3.2 -13.4 
In t roduct ion  
This  r e p o r t  examines and compares t h e  gene ra l  economic environment 
corresponding t o  t h e  t h r e e  a l t e r n a t i v e  energy growth p a t t e r n s  being s t u d -  
i ed  by t h e  Energy Pol icy  P ro j ec t .  These growth p a t t e r n s  a r e  ( i )  h i s t o r i c a l  
growth where p a s t  energy supply  and demand p a t t e r n s  a r e  assumed t o  cont inue  
i n t o  t h e  f u t u r e ,  ( i i )  " t echn ica l  f ix1 '  growth where energy conservar ion 
p r a c t i c e s  and known energy saving technologies  a r e  i nco rpo ra t ed  i n t o  pro- 
duct ion  and consumption p a t t e r n s  t o  t he  ex t en t  p o s s i b l e  withir .  e x i s t i n g  
l i f e  s t y l e s  and 'economic o rgan iza t ion ,  and ( i i i )  "zero energy growth" (ZEG) 
where, i n  a d d i t i o n  t o  t h e  t echn ica l  f i x  measures, changes i n  l i f e  s t y l e s  
and economic s t r u c t u r e  a r e  in t roduced i n  o rde r  t o  move towards a s i t u a t i o n  
o f  cons t an t  p e r  c a p i t a  energy consumption. Economic growth pa ths  under 
each o f  t hese  t h r e e  s cena r io s  were s imula ted  us ing t h e  DRI  energy model. The 
D R I  energy model s imu la t e s  product ion ,  t r a n s a c t i o n s  and consump- 
t i o n  a spec t s  o f  t h e  economy t o  gene ra t e  p r e d i c t i o n s  o f  s e c t o r a l  outpur 
l e v e l s ,  s e c t o r a l  p r i c e s  and p a t t e r n s  o f  energy use .  These da t a  can then 
be  used t o  ob ta in  a  broad p i c t u r e  o f  t h e  economic system along each of t h e  
a l t e r n a t i v e  growth pa ths  and most impor tant ly ,  t o  a s s e s s  t h e  d i f f e r e n t i a l  
impact of t he  two energy conservat ion  programs vis -a-vis  t h e  h i s t o r i c a l  
growth path .  Information on t h e  d i f f e r e n t i a l  impacts of t echn ica l  f i x  and 
ze ro  energy growth i s  extremely important a s  it provides  t h e  b a s i s  f o r  a s -  
c e r t a i n i n g  the  n a t u r e  and magnitudes o f  t h e  economic c o s t s  of  t h e  two con- 
s e r v a t i o n  programs s o  t h a t ,  a s  a b a s i s  f o r  energy po l i cy  d e c i s i o n s ,  c o s t s  can 
be compared t o  t he  b e n e f i t s  r e s u l t i n g  from reduced energy consumption. 
The conclus ion of t h i s  s tudy is t h a t  t h e  t r a n s i t i o n  t o  t e c h n i c a l  f i x  growth, 
o r  even t o  ze ro  energy growth, can indeed be accomplished wi th in  t h c  cu r r en t  
economic s t r u c t u r e  wi thout  major economic upheaval o r  co l l apse .  
A f i n a l  purpose of t h i s  r e p o r t  is t o  complement o t h e r ,  t e c h n i c a l l y  o r i e c t e d ,  
s t u d i e s  of energy consumption being conducted by t h e  Energy Pol icy  P ro j ec t  s o  
t h a t  each approach can be used t o  cross-check the  o the r .  S p e c i f i c a l l y ,  
t h e  p re sen t  economic approach, conducted a t  an aggregate l e v e l  and inco r -  
po ra t ing  known p a t t e r n s  of economic complementarity, s u b s t i t u t a b i l i t y  and 
adjus tment ,  provides  a  broad based measure of t h e  impact o f  reduced energy 
use  on gene ra l  product ion  whereas an engineer ing o r  process  approach which 
examines p o s s i b i l i t i e s  f o r  and consequences o f  energy conservat ion  a t  t he  
d e t a i l e d  product ion  o r  consumption l eve l  w i l l  produce a  d e t a i l  hased measure 
o f  t h e  impact of energy reduct ion  on prodllction.  I t  emerges t h a t  the  econ- 
omic and engineer ing approaches a r e  indeed i n  genera l  agreement. 
The DRI Energy Model 
The DRI energy model has  a l r eady  been presented  i n  d e t a i l  i n  t he  DRI 
r e p o r t  t o  t h e  Energy Po l i cy  P ro j ec t :  "Energy Resources and Economic Growth." 
D R I ,  September 30, 1973. This  s e c t i o n  p r e s e n t s  a  b r i e f  o u t l i n e  of t h e  model wi th  
t h e  i n t e n t i o n  of i l l u s t r a t i n g  t h e  gene ra l  d e r i v a t i o n  of t he  r e s u l t s  presented  
below. The model i s  based on an  i n t e r i n d u s t r y  model of t h e  U.S..economy i n  which 
product ion  and consumption a r e  broken down i n  t h e  following p a t t e r n :  
(i) product ion  i s  c l a s s i f i e d  i n t o  n ine  s e c t o r s ,  each o f  which is repre-  
s en t ed  by a  product ion  submodel. These n i r e s e c t o r s  a r e  a g r i c u l t u r e  
( t oge the r  with nonfuel  mining and c o n s t r u c t i o n ) ,  manufacturing,  t r a n s p o r t ,  
s e r v i c e s  ( t oge the r  wi th  t r a d e  and c o m u n i c a t i o n ) ,  coa l  mining,crude  petroleum 
and n a t u r a l  gas e x t r a c t i o n ,  petroleum r e f i n i n g ,  e l e c t r i c  u t i l i t i e s ,  and gas 
u t i l i t i e s .  
( i i )  t h e  n i n e  producing  s e c t o r s  purchase  i n p u t s  o f  p r imary  f a c t o r s  - 
i m p o r t s ,  c a p i t a l  s e r v i c e s  and l a b o r  s e r v i c e s .  
( i i i )  t h e  n i n e  producing  s e c t o r s  must a l s o  p u r c h a s e  i n p u t s  from each  
o t h e r  e .g.  manufac tur ing  makes p u r c h a s e s  from t r a n s p o r t  and t h e  t r a n s p o r t  
s e c t o r  makes purchases  o f  manufac tur ing  o u t p u t .  
( i v )  t h e  n i n e  producing s e c t o r s  then  s e l l  t h e i r  n e t  o u t p u t  t o  f i n a l  
u s e r s  - p e r s o n a l  consumption,  i n v e s t m e n t ,  government and e x p o r t s .  
These components a r e  t h e n  i n t e g r a t e d  w i t h i n  an  i n t e r i n d u s t r y ,  o r  i n p u t -  
o u t p u t ,  model. The f e a t u r e  of i n p u t - o u t p u t  a n a l y s i s  i s  c h a t  t r a n s a c t i o n  f lows a r e  
b r o u g h t  i n t o  c o n s i s t e n c y  s o  t h a t  each s e c t o r  p roduces  e x a c t l y  t h a t  amount 
needed t o  meet f i n a l  demands a s  w e l l  a s  t h e  i n t e r m e d i a t e  demands from o t h e r  
producing  s e c t o r s .  The c r i t i c a l  f e a t u r e  o f  t h e  DRI energy  model i s  t h a t  
t h e  p a t t e r n s  o f  i n p u t  i n t o  t h e  producing  s e c t o r s ,  a s  w e l l  a s  t h e  f i n a l  d e -  
mand l e v e l s , a r e  f u n c t i o n s  o f ,  i n t e r  a l i a ,  p r i c e s .  T h i s  means t h a t  t h e  mod- 
e l  a l l o w s  f o r  p r o d u c t i o n  t o  s u b s t i t u t e ,  w i t h i n  t h e  bounds of  g i v e n  t e c h n i c a l  
p a r a m e t e r s ,  r e l a t i v e l y  l e s s  e x p e n s i v e  f o r  r e l a t i v e l y  more expensive i n p u t s .  
T h i s  f e a t u r e  i s  o f  c e n t r a l  impor tance  i n  energy  a n a l y s i s  f o r  i t  c a p t u r e s  
t h e  f a c t  t h a t  p roducers  and consumers r e a c t  t o  h i g h e r  energy  p r i c e s  by econ- 
omizing on e n e r g y  u s e  by s u b s t i t u t i o n s  between d i f f e r e n t  f u e l s ,  and by sub- 
s t i t u t i o n s  between f u e l  and n o n - f u e l  p u r c h a s e s ,  a s  w e l l  a s  by c u t t i n g  hack 
on " n o n e s s e n t i a l "  e n e r g y  i n p u t  w i t h o u t  accompanying s u b s t i t u t i o n s .  
The a c t u a l  s o l u t i o n  of t h e  model moves th rough t h e  f o l l o w i n g  s t e p s :  
( i )  p r i c e s  a r e  de te rmined  endogenously i n  te rms  of p r o d u c t i o n  c o e f f l c i e n t s .  
e f f i c i e n c y  l e v e l s ,  p r imary  i n p u t  p r i c e s  and o t h e r   ifom om at ion, 
( i i )  t h e s e  p r i c e s  a r e  t h e n  used  t o  s o l v e  f o r  t h e  p a t t e r n  of  i n p u t s  i n t o  
e a c h  producing  s e c t o r  t h a t  i s  most economical  i n  te rms  of t h e s e  p r i c e s ,  
( i i i )  t h e s e  p r i c e s  a r e  a l s o  f e d  i n t o  f i n a l  demand submodels t o  o b t a i n  f i n a l  
demands f o r  e a c h  t y p e  of  o u t p u t ,  
( i v )  t he  input-output system i s  then solved t o  f ind  the  primary inpu t s  
and t h e  i n t c r l n d u s t r y  t r a n s a c t i o n s  t h a t  a r e  required  t o  s a t i s f y  these  f i n a l  demartds. 
Thus, t he  model s imu la t e s ,  on the base of exogenous parameters charac- 
t e r i z i n g  the  gene ra l  economic environment, the  e n t i r e  flow of t r a n s a c t i o n s  
i n  t he  economy - t r a n s a c t i o n s  from f a c t o r s  t o  producers ,  producersor, producers  
and producers t o  consumers. S p e c i f i c a l l y ,  t h e  model genera tes  t r a n s a c t i o n s  flows 
and t o t a l s  i n  cu r r en t  d o l l a r s  and r e a l  t e n s  (constant  d o l l a r s )  together  with 
t h c  corresponding s e c t o r a l  p r i c e  l e v e l s  and energy usages.  
M e t h o d o l o ~ ~  
The s imula t ions  of the  a l t e r n a t i v e  energy scena r io s  were made i n  two 
S ~ L P S .  I Z i r z t ,  t he  DRI energy model was c a l i b r a t e d  so  as  t o  produce the  
Lnorgy Pol icy  P ro j ec t  h i s t o r i c a l  growth path  o f  economic development. This 
involved s e l e c t i n g  and i n s e r t i n g  i n t o  t h e  model i n i t i a l  assumptions covering 
prodllctivi  t y  advance, f u e l  imports, income growth, primary input  p r i c e s ,  en- 
ergy supply  c o n d i t i o ~ s  and s o  on i n  such a  way t h a t  the  p red ic t ed  energy de- 
mand growth pa th  exh ib i t ed  t h e  same genera l  c h a r a c t e r i s t i c s  and t rends  as  
observed i n  h i s t o r i c a l  energy growth p a t t e r n s .  Once the  model was c a l i b r a t e d  
i l l  t h i s  way the  exogenous assumptions were f i xed  and only those  
pzrameters corresponding t o  a  move from h i s t o r i c a l  energy use p a t t e r n s  t o  
a  t e c h n i c a l  f i x  s i t u a t i o n  and then from t echn ica l  f i x  t o  a  zero energy growth 
s i t u a t i o n  were var ied .  In  o t h e r  words, t h e  gene ra l  s p e c i f i c a t i o n  o f  t he  model 
was he ld  unchanged i n  t h e  t h ree  d i f f e r e n t  energy scena r io s ,  only  energy 
s p e c i f i c  parameters were va r i ed  t o  s ecu re  t h e  move between t h e  th ree  a l t e r n -  
a t i v e  growth paths .  
The s i m u l a t i o n s  focused  on t h r e e  yea-cs - 1975,  which was used a s  t h e  colnmon 
s t a r t i n g  p o i n t  f o r  a l l  t h r e e  a l t e r n a t i v e  growth p a t h s ,  1985,  when t h e  t h r e e  growth 
p a t h s  had c l e a r l y  d i v e r g e d ,  and 2000, by which t i m e  t h e  f u l l  e f f e c t s  o f  each  
e n e r g y  c o n s e r v a t i o n  program had been f e l t  and t h e  d i f f e r e n t i a l  i m p a c t s  of t h e  
energy  c o n s e r v a t i o n  programs were most c l e a r l y  v i s i b l e .  Thus t h r e e  economic 
growth p a t h s ,  s t a r t i n g  from t h e  same i n i t i a l  p o s i t i o n  i n  1975 ,  a r e  examined a t  
two p o i n t s  i n  t ime  - 1985 and 2000. The d i f f e r e n c e s  between t h e  growth p a t h s  can 
s t i l l  b e  examined i n  d e t a i l ;  l i m i t i n g  t h e  comparison t o  two y e a r s  h a s  no c o s t ,  
b u t  s a v e s  t h e  complexi ty  i n v o l v e d  i n  s i m u l a t i n g  e v e r y  y e a r  from 1 9 7 5  t o  2000. 
The s o l u t i o n  presupposes  t h a t  t h e  economy h a s  had t ime t o  make t h e  ad jus tment  from 
i t s  i n i t i a l  t o  i t s  e q u i l i b r i u m  c o n f i g u r a t i o n .  The u s e  of 1985 and 2000 a s  
comparison y e a r s  i s  e n t i r e l y  c o n s i s t e n t  w i t h  t h i s  assumpt ien  s i n c e  t h e  t ime  l a g s  
t o  t h e s e  y e a r s  a r e  more t h a n  s u f f i c i e n t  t o  cover  t h e  t r a n s i t i o n  p e r i o d  needed 
f o r  t h e  economy t o  a d a p t  t o  p o l i c i e s  and c o n d i t i o n s  implemented i n  t h e  n e a r  
f u t u r e .  
The p r e d i c t i o n s  a r e  b a s e d  upon a n  economic model which s i m u l a t e s  a g g r e g a t e  
p r o d u c t i o n ,  e x p e n d i t u r e  and consumption r e l a t i o n s h i p s .  S i n c e  t h e  n o d e l  i s  a  
~ i m p l i f i e d  and i d e a l i z e d  r e p r e s e n t a t i o n  of a c t u a l  p r o c e s s e s ,  i t s  f o r e c a s t s  cannot  
be c o n s i d e r e d  a s  p i n - p o i n t  a c c u r a t e  p r e d i c t i o n s  of  f u t u r e  economic e v e n t s .  
A c t u a l  f u t u r e  developments w i l l  vary  from t h o s e  p r e d i c t e d  i n  t h i s  s t u d y  b e c a u s e  
t h e  assumpt ions  made about  f u t u r e  exogenous developments may n o t  b e  comple te ly  
a c c u r a t e  and a l s o  because  t h e  model does  no t  r e p l i c a t e  economic p r o c e s s e s  w i t h  
p e r f e c t  accuracy .  However, t h e  focus  of t h i s  r e p o r t  i s  on the  d i f f e r e n c e s  i n  
economic performance under  d i f f e r e n t  e n e r g y  c o n d i t i o n s  r a t h e r  t h a n  on f u t u r e  
l e v e l s  of economic i n d i c a t o r s .  The model does  g i v e  meaningful  e s t i m a t e s  o f  
t h e s e  d i f f e r e n c e s . .  F i r s t ,  b e c a u s e  d i f f e r e n c i n g  i t s e l f  e l i m i n a t e s  any 
systematic b i a s  in t roduced i n t o  t h e  foreccists through i n c o r r e c t  assumptions 
and through b i a s e s  i n  t h e  model i t s e l f ;  second, because ex t ens ive  t e s t i n g  of 
t h e  model sugges ts  t h a t  i t  does produce reasonable e s t ima te s  of t he  changes i n  
aggregate  economic behavior  produced by changes i n  exogenous parameters.  
H i s t o r i c a l  Growth 
The p a t t e r n  of economic growth and energy consumption corresponding t o  
t he  h i s t o r i c a l  growth scena r io s  i s  summarized i n  Tabie 2 .  This growth p a t t e r n  
i s ,  by des ign,  e s s e n t i a l l y  a  con t inua t ion  of r ecen t  trends so  t h a t ,  even i n  2003, 
the  f o r e c a s t  composition of t he  economy i s  s i m i l a r  t o  t h a t  of t h e  1975 s t a r t i n g  
po in t .  
Production inc reases  a t  r a t e s  s i m i l a r  t o ,  al though s l i g h t l y  below. r ecen t  
~ r o w t h  r a t e s .  The dec l ine  i n  growth r a t e s  i s  expected t o  become s i g n i f i c a n t  
on ly  i n  t h e  1980 's  i n  response t o  t h e  l o w f e r t i l i t y  r a t e s  c u r r e n t l y  being exper- 
ienced.  The assumption i s  made t h a t  t h e  f e r t i l i t :  r a t e s  experienced over the  
1970-73 pe r iod ,  r a t e s  which imply an even tua l ly  constant  popula t ion  s i z e ,  w i l l  
cont inue  so  t h a t  when today ' s  babies  begin t o  e n t e r  t he  l abo r  fo rce  i n  t he  l a t e  
1 9 8 0 ' ~  t h e  r a t e  of l a b o r  fo rce  expansion slows, leading t o  a  gene ra l  reduct ion  i n  
t h e  r a t e  of i nc rease  of r e a l  GNP. Per  c a p i t a  income and output i s  no t  reduced. 
bu t  a s m a l l e r  l a b o r  force  means a  sma l l e r  t o t a l  output .  
The composition of production does change somewhat over  t h e  f o r e c a s t  
per iod  - i n  terms of g ros s  output ,  i . e . ,  t o t a l  s a l e s  of each s e c t o r ,  t r a n s p o r t  
expands t h e  most r ap id ly  followed by the  energy i n d u s t r i e s ,  then r n a n ~ f a c t i r i n ~ ,  
t hen  s e n r i c e s .  These t r ends  i n  composition r e f l e c t  developments t h a t  can be 
d i sce rned  today: 
H i s t o r i c a l  Growth Path 
Output  (g ros s )  ($1971 B i l l i o n )  
a g r i c d t u r c  306.8 
manufactur ing 848.6 
t r a n s p o r t  94.4 





government 275 .O 
n e t  e x p o r t s  19.2 
GN P 1442.2 
Output (va lue  added) 
a g r i c u l t u r e  135.8 
manufactur ing 345.1 
t r a n s p o r t  52.3 
s e r v i c e s  703.3 
energy 63.1  
s e r v i c e s  of d u r a b l e s  142.6 
Growth Rates  
1975-85 1985-2000 
(% p e r  annum) 
Employment ( B i l l i o n  manhours) 
a g r i c u l t u r e  16.478 19.696 26.006 1.80 1.87 
manufactur ing 41.689 48.049 59.807 1.43 1.47 
t r a n s p o r t  6.927 7.524 8.683 0 .83 0.96 
s e r v i c e s  and government 105.452 129.834 168.061 2.10 1.74 
t o t a l  173.115 205.103 262.557 1.71 1.66 
Energy (Quadri  1 l i o n  Btu) 
c o a l  13.15 18.54 34.40 3.43 4.21 
pet ro leum 34.87 39.48 58.91 0.36 2.70 
e l e c t r i c i t y  6.81 13.16 27.37 6.81 5.00 
gas 24.47 34.51 42.23 3.50 1.35 
n u c l e a r ,  o t h e r  5.55 22.50 51.25 15.02 5.64 
T o t a l  ene rgy  i n p u t  78.03 115.03 184.71 3.96 3.21 
Energy consumption (Quadr i l l i on  Btu) 
p e r s .  consumprlur~ 23.165 31.606 48.559 3.2 2 . S  
s e r v i c e s  and government 10.936 15.480 26.743 3.5 3.7 
e l e c t r i c i t y  g e n e r a t i o n  21.080 40.739 84.716 6.8 5.0 
i n d u s t r y  26.900 36.900 49.476 3.2 2.0 
t r a n s p o r t  2.672 3.469 4.867 2.6 2.3 





s e r v i c e s  
coal  
crude petroleum 
re f ined  petroleum 












2 .03 2.56 






(1) i nc reased  demand f o r  t r a n s p o r t  f o r  bus iness  and vaca t ion  t r a v e l ,  and 
t o  s e r v i c e  i n c r e a s i n g l y  d i spe r sed  economic a c t i v i t y ,  t o g e t h e r  wi th  some i n c r e a s e  
i n  t h e  r e l a t i v e  importance of p u b l i c  t r a n s p o r t ,  r e s u l t  i n  a  cont inued r a p i d  
i n c r e a s e  i n  t r a n s p o r t  a c t i v i t y ;  
( i i )  energy output  a l s o  grows rapid1.y i n  l a r g e  p a r t  because  of t h e  r a p i d  
growth of e l e c t r i c i t y  usage which, s i n c e e l e c t r i c i t y  i s  a  secondary energy form 
s u f f e r i n g  l a r g e  energy convers ion l o s s e s ,  p l a c e s  g r e a t  demands on t h e  pr imary energy 
sources ;  
( i i i )  manufacturing ou tpu t  grows i n  l i n e  wi th  t o t a l  p roduc t ion  d r iven  bo th  
by demand f o r  manufactured goods a s  an i n p u t  i n t o  t h e  o t h e r  produci.ng s e c t o r s  
a s  w e l l  a s  by con t inu ing  growth i n  f i n a l  u se  demands f o r  manufactur ing o u t p u t ;  
( i v )  s e r v i c e s  grow l e s s  r a p i d l y  than manufacturing i n  terms of t o t a l  ou tpu t  
f o r ,  a l though f i n a l  demand f o r  s e r v i c e s  i n  c u r r e n t  d o l l a r s  i s  r i s i n g  no re  r a p i d l y ,  
t h e  f a s t e r  r a t e  o f  p r i c e  i n c r e a s e  f o r  s e r v i c e s  c o n v e r t s  t h i s  t o  a  s lower  r a t e  
of i n c r e a s e  i n  r e a l  ou tpu t .  The h i s t o r i c a l  f o r e c a s t  i m p l i e s  a  c o n t i n u a t i o n  of 
t h e  r e l a t i v e  i n c r e a s e  I n  t h e  importance of s e r v i c e  a c t l v l t i e s , b u t  s e r v i c e s  
p r i c e s  i n c r e a s e  more r a p i d l y  than  those  of manufacturing l ead ing  t o  r e a l  s e r v i c e  
ou tpu t  growing l e s s  r a p i d l y  than  r e a l  manufactur ing ou tpu t ;  
(v)  a g r i c u l t u r e  and c o n s t r u c t i o n  r e a l  ou tpu t  grows a t  t h e  s lowest  r a t e ,  
p r i m a r i l y  because demand f o r  t h e s e  t y p e s  o f  ou tpu t  i s  l i nked  t o  popu la t ion  more 
than  income s o  t h a t  i n c r e a s i n g  consumption demand f lows more t o  t h e  o t h e r  producing 
s e c t o r s .  
The va lue  added i n  each product ion s e c t o r  moves a  l i t t l e  d i f f e r e n t l y  from 
t h e  growth p a t t e r p  o f  r e a l  ou tpu t .  Se rv ices  of consumer d u r a b l e s  show t h e  f a s t e s t  
i n c r e a s e ,  i . e . ,  t h e  imputed f l w  of s e r v i c e s  t o  consumers from owner-occupied 
housing,  automobi les  and o t h e r  home and pe r sona l  a p p l i a n c e s i n c r e a s e s  more than 
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m a r k e t  t r a n s a c t e d  o u t p t ~ t .  The g r e a t e s t  r a t e  of i n c r e n s c  i n  ve luc  added i n  
marketed output  occu r s  i n  energy p roduc t ion  - t h e  r a p i d l v  growing demand f o r  
energy s o u r c e s  a long wi th  t h e  i n c r e a s i n g l y  d i f f i c u l t  supply  c o n d i t i o n s  i n  f u e l  
p r o d u c t i o n ,  r e s u l t  i r .  i n p u t s  be ing  drawn i n t o  t h e s e  s e c t o r s  r e l a t i v e  t o  o t h e r  
p roduc t ion .  Se rv i ces  show t h e  nex t  most r a p i d  i n c r e a s e  and a r e  ~ r e d i c t e d  t o  
con t inue  t o  i n c r e a s e  r e l a t i v e  t o  r e a l  GNP. Thi s  i n c r e a s e  i s  due t o  t h e  con t inu ing  
r a p i d  growth of f i n a l  demand f o r  s e r v i c e s ,  a long w i t h  t h e  very  low r a t e  ofpro-  
d u c t i v i t y  advance expected  i n  s e r v i c e  a c t i v i t i e s ,  drawing c a p i t a l  and l a b o r  
s e r v i c e s  i n t o  s e r v i c e  occupat ions  f a s t e r  than t h e  gene ra l  r a t e  of i n c r e a s e  i n  
t h e  supp ly  of t h e s e  i n p u t s .  Th i s  p roces s  i s  r e f l e c t e d  a l s o  i n  t h e  i n c r e a s i n g  
s h a r e  of s e r v i c e s  i n  t o t a l  employment. A g r i c u l t u r e  and c o n s t r u c t i o n  v a l u e  added 
i n c r e a s e s  l e s s  r a p i d l y  than GNP, mainly because t o t a l  demand f o r  ou tpu t  from 
t h e s e  a c t i v i t i e s  i s  no t  growing as r a p i d l y  a s  GhT. Manufacturing and t r a n s p o r t  
v a l u e  added i n c r e a s e s  l e a s t  r a p i d l y  of a l l  s e c t o r s .  The reason f o r  t h i s  is t h e  
con t inued  high r a t e  of p r o d u c t i v i t y  advance expected  i n  t h e s e  a c t i v i t i e s  s i n c e  
t h i s  a l l o w s  t h e i r  ou tpu t  t o  i n c r e a s e  wi thout  a correspondingly r a p i d  i n c r e a s e  i n  
p r i n a r y  i n p u t s .  
The employment p a t t e r n  changes i n  a  s i m i l a r  way t o  va lue  added wi th  
s e r v i c e s ,  a g r i c u l t u r e  and c o n s t r u c t i o n  i n c r e a s i n g  and manufactur ing and 
t r a n s p o r t  d e c l i n i n g  i n  r e l a t i v e  impor tance .  S e r v i c e s  and government i n -  
c r e a s e  t h e i r  s h a r e  o f  t o t a l  employment from 60% t o  64% over  t h e  f o r e c a s t  
p e r i o d .  Employment a s  a  whole i n c r e a s e s  a t  around 1.7% a  y e a r  a l though 
t h i s  r a t e  o f  i n c r e a s e  d e c l i n e s  over  t ime  due t c  t h e  e f f e c t  o f  low f e r t i l i t y  
r a t e s  i n  s lowing l a b o r  f o r c e  growth. 
P r i c e s  a r e  p r o j e c t e d  t o  i n c r e a s e  a t  around 3.75% a  yea r  which,  a l though 
n o t  a s  r a p i d  a s  t h e  i n f l a t i o n  c u r r e n t l y  being expe r i enced ,  is s t i l l  subs t an -  
t i a l l y  f a s t e r  t h a n  average  i n f l a t i o n  r a t e s  o f  t h e  l a s t  t e n  o r  f i f t e e n  y e a r s .  
On t h e  demand s i d e  consumption, inves tment  and government pu rchases  p r i c e  
i n d i c e s  a l l  r i s e  a t  about  t h e  same pace.  On t h e  p roduc t ion  s i d e  however, 
t h e r e  is more s u b s t a n t i a l  v a r i a t i o n  i n  r a t e s  o f  p r i c e  i n c r e a s e .  Fuel p r i c e s ,  
a p a r t  from e l e c t r i c i t y ,  r i s e  t h e  f a s t e s t  o f  any p r i c e s  a s  i t  becomes i n -  
c r e a s i n g l y  d i f f i c u l t  t o  produce t h e  f u e l  t o  meet t h e  r a p i d l y  growing 
demand. E l e c t r i c i t y  p r i c e s  show much l e s s  i n c r e a s e .  The reason f o r  t h i s  
l i e s  i n  t h e  p r o d u c t i v i t y  assumptions upon which t h e  h i s t o r i c a l  growth fo re -  
c a s t s  a r e  based. The p a s t  r a p i d  growth i n  e l e c t r i c i t y  use  has  been, i n  
l a r g e  p a r t ,  due t o  t h e  p a s t  s t e a d i n e s s ,  and even d e c l i n e p i n  e l e c t r i c i t y  
p r i c e s  which, i n  t u r n ,  have been made p o s s i b l e  by a very  r a p i d  r a t e  o f  
p r o d u c t i v i t y  i n c r e a s e  i n  t h e  e l e c t r i c i t y  gene ra t ion  s e c t o r .  This  produc- 
t i v i t y  advance has  moderated i n  t h e  p a s t  four  y e a r s  due, appa ren t13  t o  
s h o r t  run i n f l u e n c e s  b u t ,  i n  l i n e  with t h e  h i s t o r i c a l  c o n d i t i o n s  objec-  
t i v e  o f  t h e  h i s t o r i c a l  growth f o r e c a s t ,  t h i s  slowdown i s  assumed t o  be 
temporary wi th  p r o d u c t i v i t y  advance i n  e l e c t r i c i t y  gene ra t ion  r e t u r n i n g  
t o  t y p i c a l  p a s t  r a t e s .  This  e f f i c i e n c y  pe rmi t s  f u e l ,  c a p i t a l  and l a b o r  
p r i c e  i n c r e a s e s  t o  t h e  e l e c t r i c i t y  gene ra t ion  s e c t o r  t o  be absorbed wi th-  
ou t  comparable i n c r e a s e s  i n  e l e c t r i c i t y  s a l e s  p r i c e s .  
Nonfuel p r i c e s  a l s o  show d i f f e r e n c e s  i n  t h e i r  growth r a t e s .  P r o d u c t i v i t y  
advance i n  manufacturing and t r a n s p o r t  a l lows  t h e s e  s e c t o r s  t o  absorb some i n p u t  
p r i c e  i n c r e a s e s  wi th  t h e  r e s u l t  t h a t  t h e i r  ou tpu t  p r i c e s  i n c r e a s e  a  l i t t l e  l e s s  
r a ~ i d l y  than  t h e  g e n e r a l  r a t e  o f  i n f l a t i o n .  Se rv ice ,  a g r i c u l t u r a l  and 
c o n s t r u c t i o n  a c t i v i t y ,  however, does n o t  e x h i b i t  such r a p i d  p r o d u c t i v i t y  
growth and t h i s ,  t o g e t h e r  wi th  t h e i r  r e l a t i v e  i n t e n s i t y  o f  u se  o f  an i n p u t ,  
l a b o r ,  whose p r i c e  is  r a p i d l y  i n c r e a s i n g ,  causes  t h e i r  p r i c e s  t o  r i s e  more r s p i d l y  
than  g e n e r a l  i n f l a t i o n .  
Energy u s e  con t inues  b road ly  a long p a s t  t r e n d s .  The dominant f o s t r ~ r e  
i n  energy is t h e  r a p i d  i n c r e a s e  i n  t h e  consumption o f  e l e c t i c i t y .  This  in -  
c r e a s e  i s  p a r t i a l l y  due t o  t h e  p r o d u c t i v i t y  and p r i c e  behav io r  o f  e l e c t r i c i t y  
genera t ion  a l r e a d y  d i scussed  . The growth i n  e l e c t r i c i t y  product ion l eads  
t o  r a p i d ,  growth i n  t h e  use o f  primary f u e l s  used i n  t h e  gene ra t ion  o f  e l e c -  
t r i c i t y ,  wi th  t h i s  growth being evidenced p r i m a r i l y  i n  n u c l e a r  gene ra t ion  
bu t  a l s o  i n  t h e  demand f o r  c o a l .  Petroleum and gas consumption, on t h e  
o t h e r  hand, i n c r e a s e  more s lowly f o r  he re  t h e  p r i c e  i n c r e a s e s  r e s u l t i n g  from 
demand f a c i n g  a  r e s t r i c t e d  supply  l ead  t o  some moderation i n  t h e  demand f o r  
t h e s e  f u e l s .  T o t a l  U.S. energy inpu t  i n c r e a s e s  by around 3.5% a  y e a r  which 
is  c l o s e  t o  p a s t  average r a t e s  o f  i n c r e a s e .  
Th i s  h i s t o r i c a l  growth p r o j e c t i o n  corresponds ,  approximately  speaking, 
t o  assuming a  c o n t i n u a t i o n  of t h e  c o n d i t i o n s ,  e s p c c i a l l y  t h o s e  r e l a t i n g  t o  
energy supp ly ,  p e r t a i n i n g  i n  t h e  1960's.  Developments o f  t h e  r e c e n t  p a s t  
such 2s l i m i t a t i o n s  on fue l  impor t s ,  r e s t r i c t i o n s  on c o n s t r u c t i o n  o f  n u c l e a r  
e l e c t r i c i t y  p l a n t s ,  s lower  p r o d u c t i v i t y  growth i n  e l e c t r i c t y  generat ion,  r e -  
s t r i c t i o n s  on o i l  and gas  e x p l o r a t i o n  and p roduc t ion ,  major i n c r e a s e s  i n  
f u e l  p r i c e s  and s o  on a r c  no t  i nco rpora t ed  i n  t h e  h i s t o r i c a l  growth p ro jec -  
t i o n s .  I n  o t h e r  words, t h e s e  p r o j e c t i o n s  assume no s i g n i f i c a n t  p r i c e  o r  
r e g u l a t o r y  p r e s s u r e  t o  a l t e r  energy demand and no s e r i o u s  problems i n  ob- 
t a i n i n g  t h e  f u e l  r e sources  t o  s a t i s f y  t h e s e  demands. 
Recent e v e n t s  have shown t h e  s e t  of assumptions under lying t h e  h i s t o r i c a l  
growth f o r e c a s t  t o  b e  u n r e a l i s t i c .  Thus, a l though t h i s  f o r e c a s t  i s  extremely 
u s e f u l  a s  an  a n a l y t i c a l  r e f e r e n c e  p o i n t ,  we need t o  supplement i t  by a l t e r n a t i v e  
f o r e c a s t s  which i n c o r p o r a t e  t h e  r e c e n t  energy developments.  Therefore .  we now 
proceed t o  examine. the  t e c h n i c a l  f i x  and z e r o  energy growth a l t e r n a t i v e  growth 
p a t h s ,  bo th  o f  vh ich  i n c o r p o r a t e  l e s s  f a v o r a b l e  cond i t ions  concerning t h e  a v a i l -  
a b i l i t y  of energy o r  which, a l t e r n a t i v e l y ,  could  be  viewed a s  p r o j e c t i o n s  of 
economic growth under p o l i c i e s  des igned t o  r e s t r i c t  energy demand. 
Technical  Fix Growth 
The growth path  of t h e  economy under t e c h n i c a l  f i x  cond i t ions  i s  summar- 
i z e d  i n  Table  3. Also, t h i s  t a b l e  shows t h e  d i f f e r e n c e  between t h e  h i s t o r -  
i c a l  and t h e  t e c h n i c a l  f i x  growth pa ths .  The summary in fo rmat ion  i s  t h a t ,  
i n  2000, a  reduc t ion  o f  37% i n  t o t a l  energy inpu t  can be accomodated with 
on ly  a  3.8% decrease  i n  r e a l  GNP, a  smal l  i n c r e a s e  i n  t h e  r a t e  of i n f l a t i o n  
and without  any i n c r e a s e  i n  unemployment. That i s ,  t h e  economy can a d j u s t  
t o  a  s u b s t a n t i a l  d e c l i n e  i n  energy use wi thout  major d i s l o c a t i o n .  The d i f -  
f e rences  between t h e  h i s t o r i c a l  growth and t h e  t e c h n i c a l  f i x  growth pa ths  
a r e  now considered i n  more d e t a i l .  
The mot iva t ing  f o r c e s  in t roduced i n t o  t h e  energy model t o  secure  t h e  
move from t h e  h i s t o r i c a l  growth path  t o  t h e  t e c h n i c a l  f i x  growth path  wcre 
i n c r e a s e s  i n  petroleum products  p r i c e s  and i n  e l e c t r i c i t y  p r i c e s .  Thcse 
p r i c e  i n c r e a s e s ,  when t h e i r  impact on o t h e r  p r i c e s ,  on inpu t  p a t t e r n s  and 
on demand l e v e l s  has been so lved  through,  l e a d  t o  a  new economic conf igur -  
a t i o n  r e q u i r i n g  a  reduced energy i n p u t .  The c r i t i c a l  output  from t h i s  ana l -  
y s i s  i s  t h e  economic changes t h a t  a r e  produced by t h e s e  p r i c e  i n c r e a s e s ;  t h e  
under lying cause o f  t h e  p r i c e  i n c r e a s e s  is  no t  d i r e c t l y  r e l e v a n t .  In  f a c t ,  
t h e  i n i t i a l  p r i c e  inc reases  i n  t h e  model were secured by assuming unfavor- 
a b l e  domestic petroleum supply cond i t ions  and r e s t r i c t i o n s  on imports o f  
petroleum, which se rved  t o  produce a  dramat ic  i n c r e a s e  i n  petroleum product  
p r i c e s ,  and by assuming a  con t inua t ion  o f  r ecen t  slow p r o d u c t i v i t y  advance 
i n  e l e c t r i c i t y  genera t ion ,  which se rved  t o  i n c r e a s e  e l e c t r i c i t y  p r i c e s .  
(The corresponding h i s t o r i c a l  growth assumptions were t h a t  domestic o i l  
product ion and/or  imports could expand t o  accomodate petroleum demand groqnr- 
ing  a t  h i s t o r i c a l  r a t e s ,  and t h a t  e l e c t r i c i t y  genera t ion  p r o d u c t i v i t y  advance 
Table  3 
Technical  Fix  Growth 
Output (g ross )  ($1917) 
a g r i c u l t u r e  306.8 
manufactur ing 848.6 
t r a n s p o r t  94.4 




inves tment  509.7 
g o v e r m e n t  275.0 
n e t  e x p o r t s  19.2 
GNP 1442.2 
Output (va lue  added) 
a g r i c ~ l l  t u r e  155.8 
mangfactur ing 345. I. 
trarisporf.  52.3 
s e r v i c e s  703.3 
energy 63.1  
s e r v i c e s  of dura- 
b l e s  142.6 
Growth Rates 
1975-85 1985-20 






En~ployrnent ( B i l l i o n  manhours) 
a g r i c u l t u r e  16.478 19.696 25.962 1.80 1.86 
manufactur ing 41.689 47.514 59.454 1.40 1.44 
t r a n s p o r t  6.927 7.452 8.488 0.74 Q . ! 6  
s e r v i c e s  and 105.452 133.262 168.532 2.13 1.74 
government 
i o t a 1  113.115 206.949 266.548 1.80 1.70 
Energy (Quadr i l l i on  Btu) 
c o a l  13.15 17.37 25.13 2.82 2.49 
pet roleum 34.87 51.58 37.30 -0.99 1.12 
e l e c t r i c i t y  6 .81 9.43 13.51 3.31 2.43 
gas  24.47 32.36 32.04 2.83 -0.07 
n u c l e a r ,  o t h e r  5.55 14.62 22.57 10.17 2.94 
T o t a l  energy i n p u t  78.03 95.92 115.00 2.09 i . 22  
Energy consumption [Quadr i l l i on  Btu) 
p e r s .  consmpt ion23.165 26.085 27.264 1.2 0.3 
s e r v i c e s  and 10.936 13.548 17.836 2.2 1.9 
government 
e l e c .  gene raz ion  .21.080 29.198 41.506 3.3 2.4 
i n d u s t r y  26.990 53.295 30.787 2.1 1.2 
t r a n s p o r t  2.672 3.232 4.161 1.9 1.7 
t o t a l  i n p u t  78.032 95.924 115.005 2.1 1.2 
d i f f e r e n c e  f r o n  
h i s t o r i c a l  
growth l e v e l  (%) 
1985 2000 
- 1.70 -3.74 
-1.15 -3.05 
-1.36 -3.35 
- 1  .24 -3.03 
-20.05 -24.31 
Table 3 cont inued 
Pr i ces  
a g r i c u l t u r e  
manufacture 
t r a n s p o r t  
s e r v i c e s  
coa l  
crude petroleum 
r e f i n e d  pe t ro leun  








(% p e r  annum) 
d i f f e r e n c e  from 
h i s t o r i c a l  











r e t u r n e d  t o  i t s  r a p i d ,  h i s t o r i c a l  t r e n d s  a f t e r  t h e  sloiddoi\,n of t h e  pnyt 
f o u r  y e a r s ) .  ,liter-natively, t h c  p r i c c  i n c r e a s e s  might be  vicwed as bc ing  
produced by t a x e s  on pet ro leum and e l e c t r i c i t y  s a l e s  l i i t h  t h e  revenue hcine, 
r e t u r n e d  t o  t h e  p r i v a t e  s e c t o r  by  dec reases  i n  income t a x e s ,  o r  t h e  r e s u l t s  
might j u s t  be viewed a s  showing t h e  e f f e c t  o f  petro leum and e l e c t r i c i t y  
p r i c e s  on t h e  r e s t  o f  t h e  economy, w i thou t  s p e c i f y i n g  t h e  cause  o f  t h e  p r i c e  
r i s e s .  The main r e s u l t s  concern t h e  economic d i f f e r e n c e s  between t h e  h i s -  
t o r i c a l  and t h e  t e c h n i c a l  f i x  growth pa ths  and i t  i s  t h e s e  d i f f e r e n c e s  
which we now examine. 
The t e c h n i c a l  f i x  growth p a t h  i n v o l v e s  an i r ~ c r c n s e  i n  energy i n p u t  a t  
n l i t t l e  l e s s  t han  h a l f  t h e  r a t e  a s s o c i a t e d  wi th  h i s t o r i c a l  crowth, s p e c i f i c a l l y  
a t  1 . 6 %  a  yea r  i n s t e a d  of a t  3.5%. The ccmparat ive  r educ t ion  i n  energy u s e  i s  
17% i n  1985 and 38% i n  2000. This  r educ t ion  i s  concen t r a t ed  i n  e l e c t r i c i t v  and 
petrol.oum use .  I n  1985 e l e c t r i c i t y  and pet ro lcum c o n s u m ~ t i n u  are  e;qcli rer luc~?~!  
by over  20% while  t h c  reduced e l e c t r i c i t y  ou tpu t  l e a d s  t o  a  reduced l e v e l  of 
c o a l  u s e  and t o  a  s u b s t a n t i a l  r educ t ion  i n  n u c l e a r  i n p u t .  But ,  h i g h e r  petro1e;rc 
and e l e c t r i c i t y  p r i c e s  l ead  t o  an  i n c r e a s e ,  due t o  i n t e r - f u e l  compe t i t i on  and 
s u b s t i t u t i o n ,  i n  t h e  p r i c e  of gas .  T h i s  produces  a  d e c l i n e  i n  u se  of a l l  f u e l s ,  
a l t hough  t h e  gas  and c o a l  use  r educ t ion  i s  of a  s m a l l e r  o r d e r  o f  magnitude than  
t h e  reduct i .on  i n  pe t ro leum and e l e c t r i c i t y  use .  S i m i l a r l y ,  i n  2000, e l e c t r i c i t y  
consumption (and n u c l e a r  i n p u t )  a r e  reduced by 50%,  wi th  pet ro leum use  down by 
37% and c o a l  and gas  u se  down by 25%. 
Higher  pe t ro leum and e l e c t r i c t y  p r i c e s  l e a d  t o  a g e n e r a l  upward p r e s -  
s u r e  on p r i c e s  due both  t o  t h e  consequent i n c r e a s e  i n  p roduc t ion  c o s t s  and 
t o  t h e  r e d i r e c t i o n  o f  demand and i n p u t  p a t t e r n s  which p l a c e s  more demand 
p r e s s u r e  on o t h e r  product ion .  Thus, i n  2000 f o r  example,  t h e  e l e c t r i c i t y  
p r i c e  more than  doubles  and t h e  pet ro leum p roduc t s  p r i c e  goes up by 6090 
which l e a d s t o  smaller ,  but s t i l l  s u b s t a n t i a l ,  increases i n  coal and gas 
p r i c e s ,  as well as  t o  s i g n i f i c a n t  increases i n  p r ices  of nonfuel products, 
increases the range 2 t o  3%. 
On the demand s i d e ,  the higher energy p r i c e s  have a  s u b s t a n t i a l  
and immediate impact on the p r i c e  index of consumption goods and se rv ices  
and t h i s  increase  i s  f u r t h e r  boosted by the  r i s e  i n  p r i c e s  of nonfuel 
goods and se rv ices .  Thus, the  r i s e  i n  consumption p r i c e s  i s  double 
the r i s e  i n  p r ices  of investment and government purchases. How- 
ever, the  overa l l  impact on pr ices  i s  not  ca tas t rophic  - the  GNP p r i c e  de- 
f l a t o r  i s  increased by about 4% which corresponds t o  a  0.2 percentage point  
higher  r a t e  of i n f l a t i o n  under t echnica l  f i x  than under h i s t o r i c a l  growth 
i . e . .  i n f l a t i o n  increases from 3.8% t o  4.0%. 
Output and r e a l  incomes a re  reduced s l i g h t l y  by t h e  reduction i n  energy 
use but  the  reduct ion,  although s i g n i f i c a n t ,  is  not  ca tas t rophic  - r e a l  GYP 
under technical  f i x  i s  1.6% lower i n  1985 and 3.8% lower i n  2000 than the 
corresponding h i s t o r i c a l  growth path leve l s .  Energy output s u f f e r s  the 
g r e a t e s t  reduct ion,  a f a l l  of  42% i n  constant  d o l l a r  terms i n  2000 f o r  ex- 
ample. But o ther  output i s  not  d r a s t i c a l l y  a f fec ted .  Services  output i s  
reduced t h e  l e a s t  with a g r i c u l t u r e  output reduced the most, but  the  reduc- 
t i o n s ,  even i n  2000, a r e  only of the o rder  of 3%. In terms of value added, 
se rv ice  output i s  hardly a f f e c t e d  while o ther  output i s  reduced by about 2% 
i n  2000. On t h e  f i n a l  use s i d e ,  personal consumption s u f f e r s  t h e  g r e a t e s t  
reduct ion but  even i n  2000 r e a l  consumption i s  only 4.4% below the  h i s t o r i c a l  
growth level., Total output ,  as  measured b y  r e a l  G N P ,  i s  reduced by  3.8% i n  
2000 which corresponds t o  a  reduct ion i n  r e a l  growth r a t e s  of  0.15 percent-  
age points ,  from 3.42% a year  t o  3.26% . 
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The r e l a t i v e l y  sma l l  impact of such a  l a r g e  r e d u c t i o n  i n  energy use  on 
r e a l  ou tpu t  i s  a  s t r i k i n g  and impor tant  r e s u l t .  I t s  economic e x p l a n a t i o n  
l i e s  i n  t h e  fo l lowing  c & s i d e r a t i o n s .  
( i )  F i n a l  demand energy use  i s  c u r t a i l e d  a s  a  r e s u l t  o f  h i g h e r  energy 
p r i c e s .  Th i s  may t a k e  t h e  form of t u r n i n g  down t h e l m o s t a t s ,  sw i t ch ing  t o  
s m a l l e r  c a r s ,  i n s t a l l i n g  home i n s u l a t i o n  and s o  on ( t h e s e  avenues f o r  energy 
conse rva t ion  mean t h a t ,  a f t e r  a t r a n s i t i o r l  p e r i o d ,  lower energy i n p u t  i s  
c o n s i s t e n t  w i th  t h e  o r i g i n a l  l e v e l  o f  e f f e c t i v e  energy based p e r s o n a l  acd 
household  s e r v i c e s ) .  This  r educ t ion  h a s  ve ry  l i t t l e  impact on t h e  r e s t  
o f  t h e  econoRy f o r  t h e  demand r educ t ion  corresponds  t o  on ly  a  p a r t  o f  t h e  
o u t p u t  o f  what i s ,  i n  economic terms,  a  r e l a t i v e l y  sma l l  s e c t o r  o f  t he  ec-  
onomy. Even i n  t h e  2000 h i s t o r i c a l  growth p r o j e c t i o n  t h e  energy pro6ucing 
s e c t o r s  r e p r e s e n t  on ly  4 . 2 %  of  t h e  e n t i r e  economy i n  terms of g r o s s  ou tpu t  and 
5.79: i n  te rms o f  va lue  added. S ince ,  i n  t u r n ,  pe r sona l  consumption use  of energy 
abso rbs  o n l y  a b o ~ l t  one t h i r d  o f  t o t a l  f u e l  o u t p u t ,  i t  can be  seen  t h a t  t h e  
d i r e c t  impact of a  r educ t ion  o f  pe r sona l  energy consumption on t h e  t o t a l  ou tpu t  
of t h e  economy is  no t  ve ry  l a r g e .  
( i i )  Use of  energy i n  producing s e c t o r s  can be reduced somewhat w i th -  
o u t  r educ ing  o u t p u t  mere ly  by reducing waste  and by adopt ing more energy e f -  
f i c i e n t  t echn iques .  F u r t h e r ,  t h e r e  e x i s t  s i g n i f i c a n t  scope f o r  s u b s t i t u -  
t i o n s  between i n p u t s  i n t o  p roduc t ion  and t h e  emergence o f  h i g h e r  f u e l  p r i c e s  
s t i m u l a t e s  u s e  o f  nonenergy i n t e n s i v e  i n p u t s .  One a r e a  where t h i s  i s  impor- 
t a n t  conce rns  c a p i t a l  i n p u t  - c a p i t a l  and energy a r e  complementary s o  h i g h e r  
energy p r i c e s  l e a d s t o  reduced use  o f  c a p i t a l  s e r v i c e s  and t o  t h e  s u b s t i t u -  
t i o n  of o t h e r  i n p u t s ,  p a r t i c u l a r l y  l a b o r ,  f o r  t hese  s e r v i c e s .  The r e s u l t s  
o f  t h i s  s u b s t i t u t i o n  p roces s  a r e  i l l u s t r a t e d  by t h e  behav io r  o f  c a p i t a l  and 
l a b o r  i n p u t s  under  t e c h n i c a l  f i x  growth - i n  2000 f o r  example, c a p i t a l  i n -  
p u t  is  reduced by 1.8% from t h e  h i s t o r i c a l  growth l e v e l  whereas l a b o r  i n -  
p u t  i n c r e a s e s  by 1.5%. Also ,  s u b s t i t u t i o n s  between c a p i t a l  and m a t e r i a l s ,  
between c a p i t a l  and s e r v i c e s  and between o t h e r  i n p u t s  a r e  p o s s i b l e .  The n e t  
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r e s u l t  is  t h a t  producing s e c t o r s  can achieve s u b s t a n t i a l  economics i n  
energy use a t  the  expense of comparatively small reductions i n  output.  
( i i i )  Any saving i n  t h e  use of e l e c t r i c i t y  by f i n a l  consumers o r  
by producers, even i f  o f f s e t  by increased use o f  other  energy se rv ices ,  
leads, due t o  the conversion losses  i n  e l e c t r i c i t y  generat ion,  t o  approxi- 
mately th ree  times the  reduction i n  primary energy input .  Further ,  t o  the 
extent  t h a t  the input  of uranium i n t o  e l e c t r i c i t y  generation i s  reduced, the 
energy saving is  even g r e a t e r  s ince  t h e  enrichment of uranium by present  tech- 
nologies  i s  a heavy user  of energy. Thus, increases :n c l e e t r i c i t y  p r i c e s ,  and 
the  consequent reduction i n  e l e c t r i c i t y  use,  a r e  a powerful instrument i n  reduc- 
i n g  t o t a l  energy input .  
The r e l a t i v e  magnitudes of  each of  these forms of energy saving a r e  
shown i n  Table 3.  In 2000, f o r  example, the  t o t a l  reduction i n  energy in- 
put  between h i s t o r i c a l  growth and technica l  f i x  i s  38% (69.7 Q Btu) . Energy 
use i n  e l e c t r i c i t y  generation i s  reduced by the l a r g e s t  proport ion,  51% 
(43.2 Q Btu), while personal consumption use is reduced by 44% (21.1 Q Btu), 
s e r v i c e  and government use by 33% (8.9 Q Btu), i n d u s t r i a l  use by 20% (9.7 
Q Btu) and t r a n s p o r t  (which excludes p r i v a t e  automobiles) use by 15% (0.7 
Q Btu). This i n d i c a t e s  t h a t  s i g n i f i c a n t  economies i n  energy use a re  pos- 
s i b l e  i n  a l l  forms o f  energy consumption with personal consumption, se rv ice  
and government economies p a r t i c u l a r l y  s i g n i f i c a n t .  The g r e a t e s t  Btu savings a r e  ach- 
ieved through a reduct ion i n  the  inputs  absorbed i n  e l e c t r i c i t y  generation. 
E l e c t r i c i t y  use is  reduced due t o  economizing i n  fue l  use i n  general as  well 
as by t h e  p a r t i a l  s u b s t i t u t i o n  of o t h e r  fue l s  f o r  e l e c t r i c i t y .  The n e t  re -  
s u l t  is  t h a t  e l e c t r i c i t y  conservation re leases  62% of t h e  t o t a l  energy sav- 
ings achieved i n  t h e  move t o  t echnica l  f i x  growth. 
The share  of energy i n  t o t a l  r e a l  personal consumption expenditure is  
shown i n  Table 4. In h i s t o r i c a l  growth condit ions,  energy purchases con- 
s t i t u t e  an inc reas ing ly  important component of  consumption purchases, 
inc reas ing  from 5.54% i n  1975 t o  6.99% i n  2000. The economies i n  personal 
Table 4 
Energy Use i n  Consumption, Manufacturing and Services  
(a) Real expendi ture  on energy i n  proport ion t o  t o t a l  r e a l  expendi ture  (%) 
Personal Consumption 
Historical growth 4.74 5.53 5.54 5.96 6.99 
Technical f i x  5.54 4.59 3.75 
ZEG 5.54 4.43 3.23 
Manufacturing 
H i s t o r i c a l  growth 1.88 2.14 2.07 2.16 2.08 
Technical  f i x  2.07 2.08 1.68 
ZEG 2.07 2.05 1.54 
Serv ices  
H i s t o r i c a l  growth 1.30 1.76 1.85 2.14 2.58 
Technical f i x  1.85 1.61 1.40 
ZEG 1.85 1.55 1 .21  
(b) Composition of Energy Input i n  2000 
Pereonal Consumption Manufacturing Serv ices  
Hist  T.F. H i s t  T.F. H i s t  T.F. 
Coal 
Petroleum 
E l e c t r i c i t y  
Gas 
Tota l  energy use 
(Note: H i s t  = H i s t o r i c a l  growth path energy use p a t t e r n .  
T.F. - Technical f i x  growth path energy use p a t t e r n . )  
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e n e r g y  use  achieved under t e c h n i c a l  f i x  cond i t ions  a r e ,  however, s u f f i c i e n t l y  
l a r g e  t o  r eve r se  t h i s  upward t r e n d  s o  t h a t  energy purchases  i n  2000 rep re -  
s e n t  only  3.75% o f  r e a l  consumption expendi ture .  This  i s  a s i g n i f i c a n t  
r educ t ion  i n  t h e  energyshare  b u t  none the less ,  energy remains an important 
component i n  consumption spending and p e r  c a p i t a  personal  consumption of 
energy is s t i l l  h igher  than i n  1975. The composition of personal  energy use  
i s  a l s o  changed i n  response t o  t h e  r e l a t i v e  p r i c e  changes. E l e c t r i c i t y  
is c l e a r l y  t h e  major energy source  i n  both  h i s t o r i c a l  growth and t e c h n i c a l  
f i x  cond i t ions  b u t  t h e  inc rease  i n  the  r e l a t i v e  p r i c e  o f  e l e c t r i c i t y  under 
t e c h n i c a l  f i x  r e s u l t s  i n  t h e  p a r t i a l  s u b s t i t u t i o n  o f  both petroleum products  
and gas  f o r  e l e c t r i c i t y  use.  
Manufacturing and s e r v i c e s  a l s o  r e d i r e c t  t h e i r  i n p u t  p a t t e r n s  t o  econ- 
omize on energy i n  response t o  t h e  i n c r e a s e  i n  energy p r i c e s  under t echn ica l  
f i x  growth. These i n p u t  p a t t e r n s  a r e  shown i n  Table  4 .  Energy i n p u t  i n t o  
manufacturing remains s t a b l e  i n  h i s t o r i c a l  growth b u t ,  under t e c h n i c a l  f i x ,  
t h e  i n p u t  p ropor t ion  i s  reduced, i n  2000, f r o m  2.08% t o  1.655. The o v e r a l l  
r educ t ion  i n  energy use is accompanied by a r e d i r e c t i o n  o f  energy purchases 
towards t h e  r e l a t i v e l y  inexpensive f u e l s ,  p a r t i c u l a r l y  petroleum. In  s e r v -  
i c e s ,  t h e  t r e n d  t o  inc reas ing  r e l a t i v e  importance of energy inpu t  under h i s -  
t o r i c a l  growth i s  r eve r sed  under t e c h n i c a l  f i x  s o  t h a t ,  i n  2000, energy forms 
1.40% o f  t o t a l  r e a l  i n p u t s  compared t o  2.58%. 
The composition of energy i n p u t  i n  t e c h n i c a l  f i x  i s  l i t t l e  d i f f e r e n t  from t h a t  
i n  h i s t o r i c a l  grovth;  energy conservat ion i n  s e r v i c e s  t a k e s  t h e  form of genera l  re- 
duc t ion  i n  f u e l  use  r a t h e r  than s u b s t i t u t i o n s  between f u e l s .  Technical  considera-  
t i o n e  i n  s e r v i c e s  use of energy, and t o  a l e s s e r  e x t e n t  i n  manufacturing. c o n s t r a i n  
t h e  p o s s i b i l i t i e s  f o r  s u b s t i t u t i o n  between energy forms, but  those  s u b s t i t u t i o n  
p o s s i b i l i t i e s  t h a t  do e x i s t ,  t oge the r  wi th  economy i n  energy inpu t  i n  g e n e r a l ,  
pe rmi t  e i g n i f i c a n t  r educ t ion  i n  s e r v i c e  and manufacturing energy use.  
The s u b s t i t u t i o n  between i n p u t s  and adjus tment  i n  i npu t  p a t t e r n s  t h a t  r e s u l t  
from h i g h e r  energy p r i c e s  i s  shown f o r  t h e  m a n u f a c t u r i ~ ~ g  and s e r v i c e  s e c t o r s  i n  
t h e  fo l lowing  t a b l e .  The f o r c e s  a t  work a r e  i n i t i a l l y  i l l u s t r a t e d  by t h e  i n p u t  
p a t t e r n s  a long  t h e  h i s t o r i c a l  growth pa th  f o r  t h e  i n c r e a s i n g  r e l a t i v e  u se  of 
c a p i t a l  and dec reas ing  use  of l a b o r  a long  t h i s  pa th  and a r e  t h e  r e s u l t  of t h e  
i n c r e a s i n g  r e l a t i v e  p r i c e  o f  l a b o r  which induces  p roduce r s  t o  s u S o t i t u t e , w i t h i n  
t e c h n i c a l  l i m i t s ,  c a p i t a l  f o r  l a b o r .  Also,  t h e  r e l a t i v e l y  i nexpens ive  energy 
a v a i l a b l e  i n  h i s t o r i c a l  growth l e a d s  t o  t h e  con t inu ing  i n c r e a s e  i n  t h e  s h a r e  of 
energy i n p u t .  The move,from h i s t o r i c a l  growth t o  t e c h n i c a l  f i x  o r  ze ro  ene rgy  
growth p a t h s  w i t h  i t s  c a u s a l  and induced p r i c e  changes l e a d s  t o  a  f u r t h e r  s e t  o f  
ad jus tmen t s  be ing  superimposed on t h e s e .  The p r i c e  i n c r e a s e s  p r i m a r i l y  r e l a t e  t o  
energy b u t  t h e s e  cause ,  i n  t u r n ,  a ~ m a l l e r  change i n  t h e  s t r u c t u r e  of o t h e r  p r i c e s .  
The induced changes i n  i n p u t  p r o p o r t i o n s  i n  manufactur ing and s e r v i c e s  can be f o l -  
lowed from t h e  i n p u t  p r o p o r t i o n s  g iven i n  t h e  fo l lowing  t a b l e .  The r e d u c t i o n  i n  
energy i n p u t  has  a l r e a d y  been o u t l i n e d .  But,  a l l  i n p u t s  a r e  a f f e c t e d  by t h e  change 
i n  p r i c e s .  I n  manufactur ing cap i t a l - ene rgy  complementar i ty  l e a d s  t o  c a p i t a l  i n p u t  
be ing  reduced a l though  n o t  t o  t h e  same e x t e n t  a s  energy.  The s m a l l  deg ree  of 
complementar i ty  between energy and i n p u t s  o f  m a t e r i a l s  l e a d s  t o  t h e  m a t e r i a l  i n p u t  
p r o p o r t i o n  b e i n g  reduced. The r e d u c t i o n  i n  c a p i t a l ,  energy and m a t e r i a l s  i n p u t  
i n t o  manufactur ing is o f f s e t  by i n c r e a s e d  use  o f  t h e  nonenergy i n t e n s i v e  and now 
r e l a t i v e l y  l e s s  expens ive ,  input- - labor  s e r i v c e s .  Thus, i n  2004 f o r  example,  l a b o r  
i n p u t  which i s  a l r e a d y  26% of t o t a l  i n p u t  under h i s t o r i c a l  growth i n c r e a s e s  t o  27% 
o f  i n p u t  under  z e r o  energy growth. S i m i l a r  f o r c e s  a r e  a t  work i n  t h e  s e r v i c e  
s e c t o r  a l t h o u g h  w i t h  s l i g h t l y  d i f f e r e n t  r e s u l t s .  I n  s e r v i c e s  c a p i t a l  and energy a r e  
s u b s t i t u t e s  r a t h e r  t han  complements s o  i n c r e a s e d  energy p r i c e s  l e a d  t o  a  s l i g h t  in-  
c r e a s e  i n  c a p i t a l  i n p u t  ( f o r  example, c a p i t a l  might b e  absorbed i n  energy sav ing  
u s e s  such  a s  i n c r e a s e d  i n s u l a t i o n , i n s t a l l a t i o n  o f  more e f f i c i e n t  h e a t i n g  and a i r  
Table  5 
Composition of I n p u t s  i n t o  Manufactur ing and S e r v i c e s  
(Percentage  t h a t  s p e c i f i e d  i n p u t  r e p r e s e n t s  i n  t o t a l  i n p u t .  
based on cons t an t  d o l l a r  pu rchases )  
(a)  Manufacturing 
C a p i t a l  Inpu t  
H i s t o r i c a l  10 .2  10.6 11.6 12.4  
Tech F i x  11.6 12.4 
ZEG 11.6 12.5 
Labor Inpu t  
H i s t o r i c a l  33.4 28.2 30.0 28.1  
Tech F ix  30.0 28.3 
ZEG 30.0 28.4 
Energy Inpu t  
H i s t o r i c a l  1 . 9  2 .1  2.1 2.2 
Tech F ix  2 .1  2.1 
ZEG 2.1  2.1 
M a t e r i a l s  Inpu t  
H i s t o r i c a l  54.5 59.1 56.3 57.3 
Tech F i x  56.3 57.2 
Z EG 56.3 57.1  
(b) S e r v i c e s  
C a p i t a l  Inpu t  
H i s t o r i c a l  26.5 
Tech F i x  
ZEG 
Labor Inpu t  
H i s t o r i c a l  47.3 
Tech F i x  
ZEG 
Energy Inpu t  
H i s t o r i c a l  1 . 3  
Tech F i x  
ZEG 
M a t e r i a l s  Inpu t  
'Ais ior ica l  24.9 
Tech F i x  
ZEG 
Note: H i s t o r i c a l  i s  h i s t o r i c a l  growth p a t h ,  Tech F i x  i s  t e c h n i c a l  f i x  growth p a t h ,  
ZEG i s  zero-energy growth pa th .  M a t e r i a l s  a r e  a l l  non fue l  i n p u t s  t h a t  are 
purchased from o t h e r  i n t e r m e d i a t e  s e c t o r s  and from impor ts .  
cond i t ion ing  equipment,  and 80 on). Some complementarity e x i s t s  between m a t e r i a l s  
and energy 80 t h e  r i s e  i n  energy p r i c e s  l e a d s  t o  a  r educ t ion  i n  t h e  p ropor t ion  of 
m a t e r i a l s  i n p u t s .  Use of  l a b o r ,  t h e  nonenergy i n t e n s i v e  i n p u t ,  i n c r e a s e 8  t o  
r e p l a c e  t h e  r educ t ion  i n  energy and m a t e r i a l s  i n p u t s  and t o  permit  s e r v i c e  pro- 
duc t ion  t o  absorb t h e s e  r educ t ions  wi thout  a  comparable r educ t ion  i n  ou tpu t .  
The changes i n  i n p u t  p ropor t ions  i n  manufactur ing and s e r v i c e s  involved i n  the  
s h i f t  from h i s t o r i c a l  growth t o  ze ro  energy growth c o n d i t i o n s  a r e  s i g n i f i c a n t .  
But, t h e s e  s h i f t s  a r e  w e l l  w i t h i n  t h e  range of  r e c e n t  expe r i ence .  Thus, t h e  
l a r g e e t  changes i n  i n p c t  p ropor t ions  invo lve  energy i n p u t  bu t  even t h e s e  changes 
correspond only  t o  r e v e r s i n g  t h e  h i s t o r i c a l  growth t r e n d  t o  i n c r e a s i n g  energy 
i n p u t s  s o  t h a t  energy i n p u t  p ropor t ions  i n  2000 a r e  i n  t h e  r eg ion  of  the  a c t u a l  
1961 p ropor t ions .  
Zero Energy Growth 
The economic and energy information describing zero energy growth 
i s  presented i n  Table 6 .  The move from technica l  f i x  growth t o  Z E G  was 
simulated by imposing an energy s a l e s  t a x  (a uniform tax  r a t e  appl ied t o  
each d o l l a r  of s a l e s  from the energy s e c t o r )  with the  tax  revenue then 
being spent  by the  government on h e a l t h ,  education and t ranspor t  services  
( the  revenue was a l loca ted  75% t o  purchases of l abor  and s e r v i c e s ,  20% 
t o  purchases of  manufactures and 5% t o  purchases from the  t ranspor t  sec-  
t o r ) .  This i s  a dual mechanism - energy use i s  d i r e c t l y  discouraged by 
taxes,  and demand is f u r t h e r  red i rec ted  by a change i n  spending pa t re rns  
towards nonenergy in tens ive  production - which i s  superimposed on an econ- 
omy which already has adapted t o  the energy e f f i c i e n t  t echnica l  f i x  pcsi-  
t ion .  
The move from technica l  f i x  t o  ZEG involves a reduct ion i n  energy input  
of  3% i n  1985, and of 13% i n  2000. The uniform energy tax  discourages a11 
energy use with the  r e s u l t  t h a t  consumption of each energy source i s  reduced 
by comparable proport ions - i n  2000, ZEG consumption of  nuc lear  i s  reduced 
by 11% from the  technica l  f i x  pos i t ion ,  consumption of  coal  i s  dovn 12%, of 
petroleum and e l e c t r i c i t y  13%, and of gas 16%. When compared t o  the  h i s t o r -  
i c a l  growth energy consumption p a t t e r n ,  the  ZEG energy consumption i n  2000 
is reduced by 46% with e l e c t r i c i t y  and nuc lear  down by around 60% and o ther  
f u e l s  dovn by around 40%. The reduct ion i n  energy consumption v a r i e s  between 
uses. The move from technica l  fix t o  ZEG i n  2000 involves a 13% (15.4 Q Btu) 
reduct ion i n  t o t a l  energy input with f i n a l  demand use reduced by 15% (4.2 Q ~ t u ) ,  
e l e c t r i c i t y  generat ion use down by 13% (5.5 Q Btu) and i n d u s t r i a l  use, including 
use of e l e c t r i c i t y ,  dovn by 12% (7.3 Q Btu). 
Table 6 
Zero Energy Growth 
Dif ference  ( X )  
from l e v e l  
Growth Rates H i s to r i ca l  Technical  
1975-85 1985-2000 Growth Fix 
1975 1985 2000 ( X  per  annum) 1985 2000 1985 2000 
output  (gross)  ($1971 b i l l i o n )  
a g r i c u l t u r e  306.8 380.5 
manufacturing 848.6 1213.2 
t r anspor t  . 94.4 138.4 
se rv i ces  976.6 1350.1 
energy 97.8 111.7 
Demand 
consumption 838.3 1185.3 
investment 309.7 424.9 
government 275.0 387.8 
n e t  expor t s  19.2 32.8 
SNP 1442.2 2030.8 
Output (value added) 
a g r i c u l t u r e  135.8 185.4 
manufacturing 354.1 456.5 
t r anspor t  52.3 63.5 
s e r v i c e s  703.3 101.3.2 
energy 63.1 74.7 
s e rv i ces  of 
durables  142.6 226.6 
Employment ( b i l l i o n  manhours) 
a g r i c u l t u r e  16.478 19.706 26.063 1.81 1.89 0.05 0.22 0.05 0.39 
manufacturing 41.689 47.982 60.028 1.42 1.50 -0.14 0.37 0.14 0.97 
t ra i l spor t  6.927 7.452 8.562 0.74 0.93 -0.96 -1.39 0.00 0.87 
s e r v i c e s  
and government 105.452 130.652 179.691 2.17 2.15 0.63 6.92 0.30 6.62 
t o t a l  173.115 207.667 271.274 1.84 1.80 1.25 3.32 0.35 1.77 
Energy ( q u a d r i l l i o n  Btu) 
coal  13.15 16.90 22.01 2.54 1.78 -8.45 ~ 3 6 . 0  -2.71 -12.; 
petroleum 34.87 30.64 32.59 -1.28 0.41 -22.4 -44.7 -2.98 -12.6 
e l e c t r i c i t y  6.81 9.15 11.73 3.00 1.67 -30.5 -57.1 -2.97 -13.2 
gas 24.47 31.07 27.04 2.42 -0.92 -9.97 -36.0 -3.99 -15.6 
nuc lea r ,  o t h e r  5.55 14.25 20.00 9.89 2.29 -36.7 -61.0 -2.53 - 1 1 . A  
Tota l  energy inpu t  78.03 92.87 99.60 1.76 0.47 -19.3 -46.1 -3.18 -13.4 
Energy consumption (quadr i l l i on  Bcu) 
pe r s .  consumption 23.165 25.170 22.340 0.8 -0.8 -20.4 -53.8 -3.5 -18.1 
s e r v i c e s  and 
government 10.936 13.104 16.441 1.8 1.5 -15.3 -38.5 -3.3 -7.8 
e l e c t r i c i t y  
genera t ion  21.080 28.319 36.298 3.0 1.7 -30.5 -57.2 -3.0 -12.5 
indus t ry  26.990 32.245 34.448 1.8 0.4 -12.6 -30.4 -3.2 -13.4 
t r anspor t  2.672 3.177 3.844 1.8 1 .3  -8.4 -21.0 -1.7 -7.6 
t o t a l  i npu t  78.032 92.865 99.600 1.8 0.5 -19.3 -46.1 -3.2 -13.4 
Table 6 continued 
Pr ices  
agr icu l ture  
manufacturing 
transport 
s e r v i c e s  
coa l  
crude p e t .  
re f ined  p e t .  






Zero Energy Growth 
Differences  ( X )  from l e v e l  i n  
1975-85 1985-2000 H i s t o r i c a l  Growth Technical 3ix 
( X  per annum) 1985 2000 19 85 2000 
The tax  r a t e  required t o  produce the  move between technical  f i x  and 
ZEG is 3.3% i n  1985 and 15% i n  2000. The 1.985 s h i f t  i s  comparatively small 
and t h e  tax revenue i s  s i m i l a r l y  small but  t h e  2000 s h i f t  i s  more substan- 
t i a l  and t h e  revenue ra i sed  by t h e  energy s a l e s  t a x  i s  $131 bn ($50 bn i n  
today's p r i c e s ) .  This subs tan t ia l  revenue a f fords  t h e  opportunity t o  d i v e r t  
a s i g n i f i c a n t  amount of f i n a l  demand from energy in tens ive  t o  nonenerey in -  
t ens ive  tries of expenditure. (In f a c t  revenues of  t h i s  s i z e  a re  of the or-  
d e r  o f  magnitude required t o  sus ta in  c u r r e n t l y  mooted na t iona l  hea l th  insur-  
ance programs). The energy tax does r e s u l t  i n  s u b s t a n t i a l  increases i n  en- 
ergy pr ices  - f u e l  p r i c e s  i n  2000 under ZEG a r e  about 18% higher  than under 
t echnica l  f i x .  Nonfuel product p r i c e s  a l s o  increase ,  but by much smaller  
proport ions,  genera l ly  o f  the  order  of 1%. In t o t a l ,  the re fore ,  ZEG involbes 
only small increases  i n  p r i c e s  above those forecas t  f o r  technical  f i x  growth 
- t h e  increase  i n  t h e  r a t e  of i n f l a t i o n  (of the  GNP p r i c e  d e f l a t o r )  i s  only 
0.05 percentage p o i n t s ,  from 4.03% a year  t o  4.08%. 
Real incomes and r e a l  output a r e  not  reduced by the  move from technica l  
f i x  t o  ZEG, desp i te  the  reduction i n  energy consumption. The reason f o r  t h i s  
l i e s  i n  t h e  red i rec t ion  of  f i n a l  demand caused by governmental purchases i n  
s e r v i c e s  financed by the  energy tax  revenues. Reduced energy use without 
an exogenous change i n  spending pa t te rns  would lead t o  a reduct ion i n  r e a l  
incomes and r e a l  output ,  as i n  the  move from h i s . t ~ r i c a l  growth t o  t echnica l  
f i x  growth, bu t  t h e  increase i n  demand f o r  se rv ices  daused bv increas inp  gov- 
ernment purchases c r e a t e s  s u f f i c i e n t  new demand t o  o f f s e t  the  reduct ion i n  
r e a l  output  and, as t h e  new demand i s  r e l a t i v e l y  energy nonintensive, t h e  
r e s t o r a t i o n  o f  output  and incomes CM be sustained a t  t h e  new lower l eve l  
of energy consumption. The n e t  e f f e c t  i s  t h a t ,  i n  2000 f o r  example, r e a l  
output  r i s e s  by 0.25% i n  ZEG compared t o  t h e  t e c h n i c a l  f i x  p o s i t i o n ,  des-  
p i t e  t he  13% reduc t ion  i n  energy use.  The g a i n  i n  r e a l  ou tpu t  i s ,  i n  i t s e l f ,  
t r i v i a l ,  b u t  t h e  c r i t i c a l  r e s u l t  i s  t h a t  energy c o n s m p t i o n  can be  reduced 
wi thou t  any c o s t  i n  terms o f  t o t a l  r e a l  ou tpu t  and t o t a l  r e a l  income. The 
mechanism t h a t  s ecu res  t h i s  r e s u l t  i s  d i f f e r e n t i a l  government policy-- 
s p e c i f i c  discouragement of  energy use by means o f  t a x e s  and s p e c i f i c  en- 
couragement of nonenergy i n t e n s i v e  product ion and consumption by means o f  
i n c r e a s e d  governmental p r o v i s i o n  o f  s e r v i c e  a c t i v i t i e s .  
The composition o f  product ion d i f f e r s  i n  ZEG from t h e  t e c h n i c a l  f i x  
p a t t e r n ,  due p r i m a r i l y  t o  t h e  impact of  t h e  new government expend i tu re .  
A g r i c u l t u r a l  and manufacturing ou tpu t  is reduced, t r a n s p o r t  and s e r v i c e  
ou tpu t  i s  i nc reased .  On t h e  f i n a l  u se  s i d e  t h e  n e t  r e s u l t  of t h e  energy t a x a t i o n  
and h i g h e r  government expend i tu re  i s  a r e l a t i v e  i n c r e a s e  i n  t h e  p ropor t ion  of 
government purchases  i n  r e a l  GNP wi th  an equa l  dec rease  i n  t h e  sha re  of pe r sona l  
consumption expend i tu re ;  investment and n e t  e x p o r t s  a r e  no t  a f f e c t e d .  Real out-  
pu t  and r e a l  income growth r a t e s  remain almost i d e n t i c a l  i n  ZEG and i n  t e c h n i c a l  
P i x  growth. The composition of primary i n p u t s  does a l t e r  however. The energy 
tax and i n c r e a s e d  s e r v i c e  purchases  l e a d  t o  an  i n c r e a s e  i n  l a b o r  inpu t  r e l a t i v e  
t o  c a p i t a l  i n p u t  a l though  bo th  i n p u t s  show an i n c r e a s e  i n  ZEG compared t o  
t e c h n i c a l  f i x  growth. 
The i n c r e a s e  i n  l a b o r  i n p u t  a s s o c i a t e d  w i t h  ZEG i s  t h e  r e s u l t  of energy- 
c a p i t a l  complementarity.  Higher f u e l  p r i c e s  l e a d  t o  t h e  s u b s t i t u t i o n  of l a b o r  
f o r  c a p i t a l .  Inc reased  purchases  of s e r v i c e s  l e a d s  t o  an i n c r e a s e  i n  primary 
i n p u t s ,  a g a i n  w i t h  emphasis on l a b o r  i n p u t .  Labor inpu t  i n  a l l  nonfuel  s e c t o r s  
i n c r e a s e s ,  r e f l e c t i n g  l a b o r - c a p i t a l  s u b s t i t u t i o n ,  wh i l e  employment i n  s e r v i c e  and 
government s e c t o r a  rises s u b s t a n t i a l l y  s i n c e  inc reased  a c t i v i t y  i n  l a b o r  i n t e n -  
e i v e  s e c t o r s  is superimposed on l a b o r - c a p i t a l  s u b s t i t u t i o n .  Thus, t o t a l  
employment ( l a b o r  i n p u t  i n  manhours) is  1.8% h ighe r  i n  2009 under ZEG t han  
under t e c h n i c a l  f i x  growth. I f  a l l  t h e  i n c r e a s e  i n  l a b o r  inpu t  were supp l i ed  
by t h o s e  p rev ious ly  unemployed, the  unemployment r a t e  would f a l l  t o  1.4?&. 
But, t h e  decrease  i n  unemployment would probably be  l e s s  a s  t h e  a d d i t i o n a l  
l a b o r  would be s u p p l i e d  p a r t l y  from longer  work-weeks, p a r t l y  from h i g h e r  
p a r t i c i p a t i o n  r a t e s  and p a r t l y  from decreased unemployment. 
Conclusions 
The b a s i c  r e s u l t  o f  t h e s e  economic ana lyses  i s  t h e  q u a l i t a t i v e  f i n d i n g  
t h a t  s u b s t a n t i a l  r educ t ion  i n  U.S. energy i n p u t ,  compared t o  t h e  h i s t o r i c a l  
growth energy demand p a t t e r n s ,  can be  secured without  major economic c o s t  
i n  t e n s  o f  reduced t o t a l  r e a l  output  o r  reduced r e a l  incomes o x  inc reased  
i n f l a t i o n  o r  reduced employment. The scope f o r  i n t e r - i n p u t  s u b s t i t u t i o n ,  
f o r  economizing on energy use and f o r  r e d i r e c t i o n  o f  demand p a t t e r n s  a r c  
such t h a t  t h e  r a t e  o f  growth o f  energy i n p u t  over  t h e  remainder o f  t h i s  cen- 
t u r y  can be  more than halved without  r e q u i r i n g  fundamental changes i n  t h e  
s t r u c t u r e  o f  t h e  economy and without  r e q u i r i n g  major s a c r i f i c e s  i n  r e a l  in -  
come growth. 
Energy conse rva t ion ,  as r ep resen ted  by t e c h n i c a l  f i x  and zero energy 
growth c o n d i t i o n s , w i l l  have an economic c o s t  t h a t  is  n o n - t r i v i a l .  A t  t h e  
aggrega te  l e v e l  t h e  c o s t s  a r e t h a t  t o t a l  r e a l  incomes and ou tpu t  a r e  reduced 
e.g. t h e  l e v e l  o f  r e a l  CNP i n  2000 is  5.5% lower under ze ro  energy growth 
than  under  h i s t o r i c a l  growthand t h a t  t h e  r a t e  of i n f l a t i o n  i s  i nc reased .  
The r e a l  GNP d e f l a t o r  i n c r e a s e s  a t  3 . 8 %  a y e a r  under t l i s t o r i c a l  growth b u t  
a t  4.1% a y e a r  under z e r o  energy growth. However, energy conse rva t ion  l eads  
t o  i n c r e a s e d  employment s o  f e a r s  o f  widespread unemployment due t o  energy 
s h o r t a g e s  a r e  unfounded - once t h e  economy has  had time t o  a d j u s t  t o  more 
expensive and l e s s  p l e n t i f u l  energy, employment w i l l  a c t u a l l y  i n c r e a s e  a s  
l abor  is  s u b s t i t u t e d  f o r  c a p i t a l  and mate r ia l  inputs .  There a r e  a l s o  
costs  of  energy conservation a t  the  micro-economic leve l  - new input p a t t e r n s  
i n  production w i l l  require  a  re loca t ion  of  some people and jobs i n  bo th  geo- 
graphical  and occupational t e r n s  and people w i l l  have t o  adapt t o  new ways 
of  doing things.  The model does not  s p e l l  out these  very d e t a i l e d  e f f e c t s ,  
bu t  i t  does show t h a t ,  on the  b a s i s  of economic responses observed i n  the  
pas t ,  such adaption is well within the  bounds o f  p r a c t i c a b i l i t y  within the  
economic system as it i s  p resen t ly  cons t i tu ted .  
The opposi te  s i d e  of  these economic cos t s  is  the  marked reduction j.n 
energy usage t h a t  is  poss ib le  over  t h e  remainder of the  century. The bene- 
f i t <  from reduced energy usage a re  reduced environment degradat ion,  reduced 
po l lu t ion ,  reduced dependence on foreign sources f o r  a  c r i t i c a l  economic in-  
put ,  reduced need f o r  nuclear  and o ther  energy sources whose f u l l  implicat ions 
a r e ,  as y e t ,  incompletely known, slowing t h e  r a t e  of dep le t ion  of  U.S. fuel  
resources and s o  on. These b e n e f i t s  a r e  f u l l y  explored i n  o ther  Energy Pol- 
i c y  Pro jec t  s tud ies .  The present  s tudy demonstrates t h a t  these benef i t s  can 
be obtained,  admit tedly a t  a  c o s t ,  but no t  a t  t h e  cos t  of  major economic 
d i s l o c a t i o n .  In f a c t ,  the  present  p ro jec t ions  i n d i c a t e  t h a t  economic ac t -  
i v i t y  can grow along a  broadly s i m i l a r  p a t t e r n  t o  t h a t  experienced i n  the  
pastwhile simultaneously a c h i m i n g  major economies i n  energy consumption. 
We conclude t h i s  study by point ing out  that :  
(f) energy conservation along t h e  l i n e s  of t echnica l  f i x  o r  zero energy 
growth ideas i s  possible  within the ex i s t ing  s t ruc ture  of the economy; 
( i i )  the c a s t  of reduced energy use i n  terms of higher i n f l a t i o n  and 
reduced r e a l  incomes and output are  s i g n i f i c a n t  but not  ca tas t rophic ;  
( i i i )  these cos t s  have been quant i f i ed  above so t h a t  the costs  and 
benef i t s  of energy conservation can be e x p l i c i t l y  faced and compared. This 
information can provide the bas i s  f o r  a  r a t i o n a l  choice regarding energy 
pol icy i n  the United S t a t e s .  
Discuss ion  
One p a r t i c i p a n t  f i r s t  made t h e  comment t h a t  t h e  in t roduc-  
t i o n  of p r i c e  c o n s i d e r a t i o n s  i n  t h e  de te rmina t ion  of i n p u t  
c o e f f i c i e n t s  i s  t h e  major innova t ion  of t h e  paper .  Then he  
s t r e s s e d  t h a t  it is  n o t  s u r p r i s i n g  t h a t  t h e  model does  n o t  come 
up w i t h  a  g r e a t  change i n  GNP growth r a t e s  f o r  va ry ing  s c e n a r i o s ,  
such a s  z e r o  growth r a t e  i n  t h e  energy f i e l d ,  because it can 
be seen  from t h e  paper  t h a t  t h e  e l a s t i c i t y  of c o s t  w i t h  r e s p e c t  
t o  changes i n  energy p r i c e s  i s  v e r y  low. F i n a l l y ,  he asked 
whether it is  r e a l l y  worthwhile going i n t o  g r e a t  d e t a i l  i n  f i t -  
t i n g  an  energy model i n t o  an o v e r a l l  economy model and i f  it 
would n o t  be  b e t t e r  t o  s p e c i f y  t h e  energy s e c t o r  i n  g r e a t e r  
d e t a i l  and then  ana lyze  t h e  d i f f e r e n t  c h o i c e s  w i t h i n  t h e  energy 
s e c t o r  on ly .  M r .  Jorgenson r e p l i e d  t h a t  it i s  v e r y  impor tan t  
t o  have a  d e t a i l e d  energy s e c t o r  because i n  a d d i t i o n  t o  t h e  
p o l i c y  a n a l y s i s  i n  t h i s  s e c t o r ,  t h e r e  a r e  many o t h e r  p o l i c y  
q u e s t i o n s  t h a t  might be analyzed;  t h e s e  i n v o l v e  t h e  e f f e c t  
of environmental  r e s t r i c t i o n s  on p r o d u c t i v i t y  i n  t h e  e l e c t r i c -  
i t y  g e n e r a t i n g  s e c t o r ,  which would i n  t u r n  a f f e c t  
t h e  p r i c e  of e l e c t r i c i t y  and would u l t i m a t e l y  g e n e r a t e  a  r e -  
o r i e n t a t i o n  of t h e  energy s e c t o r  w i t h i n  t h e  t o t a l  economy. So 
it is  impor tan t  t o  have a  d e t a i l e d  r e p r e s e n t a t i o n  of t h e  energy 
s e c t o r  w i t h i n  t h e  t o t a l  economy. Thus t h e  q u e s t i o n  i s ,  how 
much d e t a i l  is needed f o r  t h e  o t h e r  p a r t s  of t h e  economy? On 
t h a t  M r .  Jorgenson argued t h a t  t h e  degree  of d e t a i l  o u t s i d e  t h e  
energy s e c t o r  ought  t o  be e s s e n t i a l l y  keyed t o  t h e  need of 
p o l i c y  a n a l y s i s .  Then M r .  Jorgenson came t o  t h e  q u e s t i o n  of 
why t h e y  do  t h i s  kind of model l ing w i t h i n  an  economy-wide model 
and why t h e y  do n o t  i s o l a t e  t h e  energy s e c t o r  and c o n c e n t r a t e  
on t h a t .  H e  mentioned t h a t  t h e  whole i n t e r - i n d u s t r i a l  model 
is  d r i v e n  by t h e  economy-wide a n a l y s i s  because a l l  of t h e  com- 
ponents  of t h e  f i n a l  demand depend on growth t r e n d s .  And t h e  
p r i c e s  of t h e  f a c t o r s  of p roduc t ion  t h a t  determine t h e  i n t e r -  
i n d u s t r y  s t r u c t u r e  depend on growth t r e n d s .  Thus one cannot  
g e t  an  aCiequate concep t ion  of how t h e  environment c o n v e r t s  t h e  
energy  s e c t o r  u n t i l  one has  a  c l e a r  p i c t u r e  of how t h o s e  t r e n d s  
a r e  l i k e l y  t o  evolve.  F i n a l l y ,  M r .  Jorgenson came t o  t h e  ques- 
t i o n  about  p o l i c y  a n a l y s i s  and whether one r e a l l y  needs t o  r e -  
compute t h e  whole from t h e  a n a l y s i s  i n  o r d e r  t o  c a p t u r e  t h e  
i n t e r - i n d u s t r y  r a m i f i c a t i o n s  which a r e  i n d i c a t e d  i n  t h a t  model. 
~ n d  he s a i d  t h a t  t h e  answer i s  "no". T h e r e f o r e  he s t r e s s e d  
t h a t  t h e  p o i n t  of t h e  q u e s t i o n e r  should be addressed  t o  t h e  
u s e  of such a  model r a t h e r  t h a n  t h e  fo rmula t ion .  Then he no ted  
t h a t  a  comprehensive framework such a s  t h e y  have developed i s  es- 
s e n t i a l  f o r  a n a l y s i s ,  t h a t  some kind of d e t a i l  on t h e  non-energy 
s e c t o r s  is  a l s o  impor tan t ,  and t h a t  it may be p o s s i b l e  t o  b reak  
o f f  some p i e c e s  of t h i s  model and t o  ana lyze  them s e p a r a t e l y .  
Another d e l e g a t e  fol lowed wi th  two q u e s t i o n s  on t h e  h i s t o r -  
i c a l  r e c o r d  of p r i c e s  and q u a n t i t i e s  from which t h e  demand r e l a -  
t i o n s h i p s  have  been  f i t t e d .  F i r s t ,  h e  a s k e d  i f  t h e r e  a r e  any 
r e l a t i v e  p r i c e s  o f  p e t r o l e u m  o r  e l e c t r i c i t y  t h a t  a r e  r e l a t i v e  
t o  o t h e r  consumpt ion goods  w i t h i n  t h e  r a n g e  o f  t h e  h i s t o r i c a l  
d a t a .  F i n a l l y ,  h e  a sked  whe the r  it d o e s  n o t  p u t  q u i t e  a  s t r a i n  
on t h e  c h o i c e  o f  t h e  p a r t i c u l a r  p a r a m e t r i c  r e p r e s e n t a t i o n  o f  
demand f u n c t i o n s  i f  t h e s e  r e l a t i v e  p r i c e s  a r e  n o t  a v a i l a b l e .  
M r .  Jo rgenson  r e p l i e d  t h a t  t h e  o n l y  d a t a  h e  c a n  d i s p l a y  f o r  
him a r e  g i v e n  i n  t a b l e  1; and t h e r e  a r e  d r a m a t i c  changes  i n  
p r i c e s  of e n e r g y  r e l a t i v e  t o  o t h e r  t h i n g s .  Then h e  remarked 
t h a t  more t h a n  a d e q u a t e  h i s t o r i c a l  d a t a  e n a b l e  them t o  e s t i m a t e  
t h e s e  p a r a m e t e r s  i n  a  r e l i a b l e  way. The d e l e g a t e  t h e n  a sked  
a b o u t  z e r o  growth r a t e .  M r .  J o r g e n s o n  r e p l i e d  t h a t ,  i n  t e r m s  
of  t h e  a n a l y s i s ,  t h e  p r i c e s  of e n e r g y  r e l a t i v e  t o  l a b o r  f e l l  
by a l m o s t  50% o v e r  t h e  p e r i o d  1947-1971 and t h a t  p r i c e  changes  
f o r  z e r o  g rowth  a r e  o f  t h e  o r d e r  of  magn i tude  o f  50%.  And 
t h a t  50% change r e l a t i v e  t o  o t h e r  t h i n g s  p r o v i d e s  a  v e r y  good 
way of r e s o l v i n g  t h e  components o f  change i n  t h e s e  r e l a t i v e  
s h a r e s  i n t o  t h e  d i f f e r e n t  p r i c e  d e t e r m i n a n t s .  
M r .  Deam ( U n i t e d  Kingdom) remarked t h a t  t a b l e  8 ,  compared 
w i t h  h i s t o r i c a l  p r i c e s ,  showed t h a t  t h e  p r i c e  of  c r u d e  o i l  
d ropped  t o  3 . 5  and t h e  p r i c e  of r e f i n e d  o i l  went  up t o  28 .5 ,  
f o r  which  h e  r e q u e s t e d  a  t e c h n i c a l  e x p l a n a t i o n .  M r .  Jo rgenson  
r e p l i e d  t h a t  t h e  b a s i c  mechanism t h e y  u s e d  i s  t o  assume t h a t  
i n  o r d e r  t o  a c h i e v e  such  a  r e d u c t i o n  o n e  would have  t o  impose 
a  s u b s t a n t i a l  t a x  on r e f i n e d  p r o d u c t s .  And t h e  p r i c e  i s  lowered 
a s  t h e  demand f o r  d o m e s t i c  c r u d e  o i l  d r o p s  and t h e r e  is less t o  
b e  s u p p l i e d .  Then M r .  Deam asked  w h e t h e r  h e  had u n d e r s t o o d  
c o r r e c t l y  i n  assuming t h a t  t h e y  a r e  n o t  d e t e r m i n i n g  p r i c e  c h a n g e s  
f o r  p e t r o l e u m  p r o d u c t s ,  b u t  d e t e r m i n i n g  t h e  p r i c e  a t  which  it 
would have  t o  be  set .  M r .  J o r g e n s o n  r e p l i e d  t h a t  t h i s  i s  what 
t h e y  a r e  d o i n g .  
P r e l i m i n a r y  P r e s e n t a t i o n  of t h e  GLOSAS P r o p o s a l  
G. Hough, T. Utsumi and E.A. Eschbach 
Owing t o  t h e  r e c e n t  advancement of t r a n s p o r t a t i o n  and 
communication t e c h n o l o g i e s ,  t h e  peop les  o f  t h e  world have 
suddenly been brought  i n t o  c l o s e  p h y s i c a l  c o n t a c t  w i t h  each 
o t h e r .  These t e c h n o l o g i e s  now impinge i n  t h e  most d i r e c t  
f a s h i o n  on each  i n d i v i d u a l ,  more s o  t h a n  a t  any o t h e r  t ime  
i n  h i s t o r y .  The c o u n t r i e s  of t h e  world a r e ,  a t  most,  6-7000 
m i l e s  apar t - -a  few hours  f l i g h t  by j e t  and a  few seconds by 
communication s a t e l l i t e .  
Our world ,  w i t h  i t s  l i m i t e d  n a t u r a l  r e s o u r c e s  and growing 
demands, a p p e a r s  t o  have shrunk.  I n d u s t r i a l  and t e c h n o l o g i c a l  
advances  have superseded  n a t i o n a l  boundar ies  and have c r e a t e d  
a  world  community s h a r i n g  a s p i r a t i o n  f o r  a  "good l i f e . "  These 
t r e n d s  which f o r c e  u s  i n t o  t h i s  community a r e  d i f f e r e n t  from 
t h o s e  o f  t h e  o l d  bonds of agreements  between n a t i o n s ;  t h u s ,  
t h e  t r a d i t i o n a l  r e g a r d  f o r  l o c a l  t e r r i t o r i a l  s o v e r e i g n t y  i s  
g r e a t l y  reduced i n  f o r c e .  V i r t u a l l y  a l l  deve lop ing  n a t i o n s  
today  a s p i r e  t o  ach ieve  i n d u s t r i a l i z a t i o n  a p p r o p r i a t e  t o  t h e i r  
raw m a t e r i a l  s o u r c e s .  
Today n a t i o n s  of t h e  world a r e  becoming more in termeshed.  
I n  t h e  p a s t ,  we have a t t empted  t o  make d i s t i n c t i o n s  between 
l o c a l i z e d  o r  g e n e r a l i z e d  problems and i n t e r a c t e d  world  problems 
With t h e  i n t e r a c t i o n  of t h e  w o r l d ' s  economies t h e r e  i s  an 
e v e r - i n c r e a s i n g  tendency f o r  r e g i o n a l  and l o c a l  problems t o  
become world  problems. The w o r l d ' s  peop le  a r e  f i n d i n g  t h e y  
a r e  no l o n g e r  a b l e  t o  escape  t o  some new land ( t e r r a  nova) t o  
s o l v e  some i r r e c o n c i l a b l e  problems of p o p u l a t i o n  p r e s s u r e ,  
d i f f e r e n t  v a l u e s ,  o r  a  n a t u r a l  r e s o u r c e  gap. The age o f  
e x p l o r a t i o n  h a s  s h i f t e d  from t h e  d i s c o v e r y  of new l a n d s  t o  
t h e  i n v e s t i g a t i o n  o f  t h e  s o c i a l  and t e c h n o l o g i c a l  consequences  
o f  o u r  a c t i o n s .  
Today t h e r e  a r e  many major consumption b l o c k s ,  namely 
Japan ,  Europe, Russ ia ,  and t h e  USA, which draw h e a v i l y  on t h e  
w o r l d ' s  r e s o u r c e s  and p r o d u c t s .  Moreover, because t h e r e  is 
s i g n i f i c a n t  in te rdependence ,  p a r t i c u l a r l y  among t h e  indus-  
t r i a l i z e d  n a t i o n s ,  growth p r e s s u r e s  i n  each  o f  t h e s e  b locks  
can combine t o  e x a c e r b a t e  p r e s s u r e s  i n  t h e  marke tp lace  on 
r e s o u r c e  development c a p a b i l i t y .  Dominant m a t e r i a l  s h o r t a g e s  
such a s  energy ,  food and m i n e r a l s  a r e  u s u a l l y  n o t  f o r e s e e n  
w i t h  e x i s t i n g  f o r e c a s t i n g  t e c h n i q u e s .  The consequences of 
s h o r t a g e s - - i n  p a r t i c u l a r  energy ,  food,  and i n f l a t i o n - - p o i n t  
t o  t h e  need f o r  g a i n i n g  i n s i g h t  th rough  model l ing e f f o r t s  
t h a t  can t r e a t  t h e  world  a s  a  whole, and y e t  a c c u r a t e l y  
f o r e c a s t  i n t e r a c t i o n s  w i t h i n  n a t i o n s  w i t h o u t  becoming 
overwhelmed by d e t a i l ;  n o r  c a n  wor ld  problems any l o n g e r  b e  
a d d r e s s e d  by words a l o n e .  A d e g r e e  o f  q u a n t i f i c a t i o n  i s  
needed.  However, j u s t  because  we have numbers and computer  
t a p e ,  we need  n o t  n e c e s s a r i l y  c o n t r i b u t e  s c i e n t i f i c  e n l i g h t -  
enment t o  t h e  wor ld .  
F o r e c a s t i n g  w i t h  c u r r e n t  t r e n d  t e c h n i q u e s  d o e s  n o t  
e n s u r e  f o r e s e e i n g  s h o r t a g e s  i n  t h e  f u t u r e  n o r  a n t i c i p a t i n g  
how h o u s e h o l d s  and i n t e r i n d u s t r y  consumers r e a c t  i n  a  
s h o r t a g e  s i t u a t i o n .  Techn iques  t o  s e n s e  e x p e r t  o p i n i o n  a s  
w e l l  a s  o t h e r  s o u r c e s  a r e  needed.  Moreover,  when c o n s i d e r a t i o n  
i s  g i v e n  t o  t h e  f a c t  t h a t  many, r a t h e r  t h a n  one  o r  two, ma jo r  
m a t e r i a l  consuming economies  i n  t h e  wor1.d a r e  i n v o l v e d ,  an  
i n t e r n a t i o n a l  approach  t o  m o d e l l i n g  becomes n e c e s s a r y .  
Mode l l ing  a t  t h e  wor ld  l e v e l  r e q u i r e s  d e g r e e s  o f  a g g r e g a t i o n  
which can  l e a d  t o  M a l t h u s i a n  o v e r s i m p l i f i c a t i o n s .  Even 
though  t h e  s c i e n t i s t s  i n v o l v e d  have  c a r e f u l l y  q u a l i f i e d  t h e i r  
work,  t h e  wor ld  f o r g e t s  o r  c h o o s e s  t o  d i s r e g a r d  t h e s e  q u a l i -  
f i c a t i o n s ,  l e a d i n g  t o  a  t endency  t o  d i s t o r t  t h e  d e e p e r  message 
of t h e  m o d e l l i n g  e f f o r t .  The s h o r t c o m i n g s  o f  t h e  u n c o r r e c t e d  
e x p o n e n t i a l  g rowth  c u r v e  can  b e  c i r cumven ted  by methods 
a l l o w i n g  i n t e r a c t i o n s  such  a s  t h e  i n t r o d u c t i o n  o f  d e c i s i o n  
makers  i n t o  t h e  l o o p s .  The s y s t e m  f o r  i n t r o d u c i n g  c o r r e c t i o n s  
t o  u n f e t t e r e d  e x p o n e n t i a l  g rowth  n e c e s s i t a t e s  d e v e l o p i n g  a  
p a r t i c i p a t i v e  computing e f f o r t .  A m o d e l l i n g  e f f o r t  on  a  
wor ld  s c a l e  r e q u i r e s  h i g h l y  e x p e r t ,  d e t a i l e d  i n p u t  on t h e  
p a r t  o f  s p e c i f i c  i n d u s t r i e s  and of n a t i o n s .  Many o f  t h e  
i n p u t s  o f  n a t i o n s  w i l l  be  a d v e r s a r i a l  above and heyond b u s i n e s s  
c o m p e t i t i o n  a s  t h e y  w i l l  be a g g r a v a t e d  by c o n c e r n s  of n a t i o n a l  
i n t e r e s t .  The l a t t e r  a d v e r s a r i a l  v iew i s  p a r t i c u l a r l y  
i m p o r t a n t  t o  d e v e l o p i n g  n a t i o n s  who have  a  v i t a l  s u p p l y  o f  
b u t  a  s i n g l e  raw m a t e r i a l  f o r  t h e  d e v e l o p e d  n a t i o n s .  I n  t h e  
i n s t a n c e  o f  t h e  o i l  s h o r t a g e ,  t h i s  i s  t y p i f i e d  by t h e  mid -eas t  
c o u n t r i e s  whose o n l y  m a t e r i a l  r e s o u r c e  may be  o i l  which ,  when 
d e p l e t e d ,  c o u l d  l e a v e  them w i t h  no f u r t h e r  r e c o u r s e .  Resource-  
r i c h  d e v e l o p i n g  n a t i o n s  a r e  r e s p o n d i n g  i n  two ways: (1) r a i s i n g  
p r i c e s  and r e g u l a t i n g  a v a i l a b i l i t y  o f  r e s o u r c e s  e x p o r t e d ,  and 
( 2 )  t a k i n g  s t e p s  t o  d e v e l o p  p r o c e s s i n g  and m a n u f a c t u r i n g  
c a p a b i l i t i e s  unde r  t h e i r  c o n t r o l  ( even  i f  n o t  w i t h i n  t h e i r  
n a t i o n a l  b o u n d a r i e s )  t o  i n c r e a s e  t h e i r  s h a r e  o f  t h e  " v a l u e  
added" t o  r e s o u r c e  m a t e r i a l s .  I n  a d d i t i o n ,  t h e r e  a r e  o t h e r  
r e s o u r c e  examples  s u b j e c t  t o  t h i s  syndrome, s u c h  a s  c o p p e r ,  
p l a t i n u m ,  chromium, and t u n g s t e n .  Of g r e a t  h u m a n i t a r i a n  
c o n c e r n  i s  t h a t  some o f  t h e  d e v e l o p i n g  n a t l o n s  d o  n o t  have  
s u f f i c i e n t  ma jo r  r e s o u r c e s  f o r  e x p o r t ;  t h u s  t h e i r  w e l f a r e ,  i n  
t u r n ,  is  immensely i n f l u e n c e d  by t h e  e f f i c i e n c y  o f  t h e  
d e v e l o p e d  n a t i o n s  c o n v e r t i n g  e v e r  more c o s t l y  raw m a t e r i a l s  
i n t o  i n d u s t r i a l  and a g r i c u l t u r a l  p r o d u c t s .  Moreover ,  t h e  
d e v e l o p e d  n a t i o ~ s '  s h a r e  o f  " v a l u e  added"  may b e  a d j u s t e d  
downward i n  many i n s t a n c e s .  
The s p e c i f i c  g o a l  o f  t h i s  p r o p o s a l  i s  t o  c r e a t e  a  new 
i n t e r n a t i o n a l  s e t t i n g ,  u s i n g  compute r s  v i a  s a t e l l i t e  
communication, i n  which we can examine worldwide problems 
such a s  t h e  energy c r i s i s ,  i t s  r a m i f i c a t i o n s ,  and o t h e r  
c o n s i d e r a t i o n s .  Computer confe renc ing  w i l l  a l l o w  p l a n n e r s ,  
s t u d e n t s  of d e c i s i o n  making, and,  u t l i m a t e l y ,  d e c i s i o n  makers,  
t h e  c a p a b i l i t y  of i n t e r a c t i n g  w i t h  t h e i r  c o u n t e r p a r t s  i n  a l l  
p a r t i c i p a t i n g  c o u n t r i e s .  By s e c u r i n g  t h e  r e a c t i o n s  of  o t h e r  
p a r t i c i p a n t s  i n  a  " c o n t r o l l e d "  s e t t i n g ,  p l a n n e r s  w i l l  be a b l e  
t o  v i s u a l i z e  t h e  a l t e r n a t i v e  c r i t i c a l  p a t h  d e c i s i o n s  w i t h  t h e  
h e l p  of  programs i n  dynamic model form. The s t r u c t u r e d  models 
a s  proposed w i l l  c o n t r i b u t e  t o  t h e  i d e n t i f i c a t i o n  of p o s s i b l e  
diseconomies  of proposed s o l u t i o n s  o r  perhaps t h e  " n e x t  
s h o r t a g e , "  be it due t o  p h y s i c a l  d e p l e t i o n ,  n a t i o n a l i s t i c  
i n t e r e s t s ,  o r  bo th .  
S a t e l l i t e  communications w i l l  s e r v e  a s  a  mechanism t o  
c o u p l e  models and l i v i n g  d a t a  banks computerized f o r  r a p i d  
response  throughout  t h e  world.  An o v e r a l l  a u t o c r a t i c  mas te r  
computer system i s  n o t  n e c e s s a r i l y  v i s u a l i z e d ,  b u t  r a t h e r  a  
d i s t r i b u t e d  system, each node of which may have a  s p e c i a l  
model of i t s  own i n t e r a c t i n g  w i t h  o t h e r s .  I n  c o n j u n c t i o n  
w i t h  a  s m a l l  t e r m i n a l  and s a t e l l i t e  communications, each 
d i s t r i b u t e d  o r  decomposed s e c t o r  would r e f l e c t  t h e  s p e c i f i c  
knowledge and a s p i r a t i o n s  fundamental t o  i t s  w e l f a r e .  Thus, 
t h e  u l t i m a t e  model may t a k e  t h e  form of  a  c e n t r a l  model a s  a  
means of  f i t t i n g  t o g e t h e r  t h e  views and i n p u t s  of each major 
r e g i o n a l  model, r a t h e r  than  t h e  c e n t r a l  model s e r v i n g  a s  an 
a u t h o r i t a t i v e  s t a t e m e n t  t h a t  o f t e n  goes  unheeded. 
We have named t h i s  proposed e f f o r t  GLOSAS, which i n  
Greek conveys t h e  meaning o f  "many tongues , "  and s t a n d s  f o r  
Globa l  systems Analys i s  and s i m u l a t i o n ;  We proposed u s i n g  
a  s t r u c t u r e d  techno-economic model which: (1) i s  capab le  of 
i d e n t i f y i n g  t h e  nex t  s h o r t a g e  c o n d i t i o n ,  and t h e n ,  (i) given  
a  s h o r t a g e  c o n d i t i o n ,  w i l l  e v a l u a t e  a l t e r n a t i v e  s t r a t e g i e s  
proposed t o  minimize both t h e  d i r e c t  consequences of  such a  
s h o r t a g e  and any secondary e f f e c t s  t h a t  could l e a d  t o  a n o t h e r  
c a t a s t r o p h i c  c o n d i t i o n .  The model l ing system employs a n  
aggrega ted  dynamic v e r s i o n  o f  more d e t a i l e d  " r e f e r e n c e "  
techno-economic models. 
C u r r e n t l y  i n  t h e  Uni ted S t a t e s ,  a s  a  v i t a l  p ro logue  t o  
a  much l a r g e r  e f f o r t  i n v o l v i n g  s e v e r a l  y e a r s  (Phase I I ) ,  t h e  
r e s e a r c h  p r e s e n t e d  by t h i s  p roposa l  (Phase I) w i l l  invo lve  
t h e  fo l lowing :  ( a )  e x i s t i n g  macro-energy models of t h e  USA 
and Japan w i l l  be i n t e r f a c e d  and o p e r a t e d  v i a  s a t e l l i t e  
communication network, and ( b )  an e x t e n s i v e  p r o p o s a l  w i l l  be 
p repared  f o r  t h e  worldwide e f f o r t  of  t h e  p r o j e c t  i n c l u d i n g  
s e c u r i n g  t h e  p a r t i c i p a t i o n  of e s s e n t i a l  e x p e r t  and proponent 
groups.  
I n  Japan t h e  program i s  f u r t h e r  a long  and i n t e r a c t i v e  
model l ing has  been e s t a b l i s h e d  between M i t s u b i s h i  Research 
i n  Tokyo and s e v e r a l  p o i n t s  i n  t h e  Uni ted  S t a t e s ,  i n c l u d i n g  
Ba t t e l l e -Nor thwes t  i n  Richland ,  Washington, and t h e  U n i v e r s i t y  
of C a l i f o r n i a  a t  San ta  Barbara .  
F i n a l l y ,  t h e  J apanese  and Uni ted  S t a t e s  GLOSAS teams 
a r e  p u r s u i n g  f i s c a l  and programmatic  s u p p o r t ,  and s o l i c i t i n g  
t h e  c o o p e r a t i o n  of  i n t e r e s t e d  p a r t i e s  and computer modeler  
t h roughou t  t h e  wor ld .  
Discussion 
M r .  Rai f fa  made t h e  fo l lowing comments: A t  p r e s e n t  IIASA 
has  a computing f a c i l i t y  connecting u s  h e r e  i n  Laxenburg wi th  
a c e n t r a l  processor  i n  Cleveland,  Ohio. We a r e  connected from 
here  t o  Vienna and from Vienna by ded ica ted  l i n e s  t o  e i t h e r  
Milan o r  F rankfur t  and then by s a t e l l i t e  t o  Cleveland,  Ohio. 
And it does no t  work! The reason it does n o t  work is  because 
of t h e  te lephone l i n e s  from Laxenburg t o  Vienna. The ot .her 
p a r t s  of it do work. So we a r e  t a l k i n g  about a technology i n  
t h i s  c a s e  which i s  not  very  f a r  advanced. Maybe i n  t e n  y e a r s '  
t ime we w i l l  have a good te lephone l i n e  from h e r e  t o  Vienna, 
s o  we can t i e  i n t o  t h i s  worldwide network. 
One of t h e  p r o j e c t s  t h a t  we have i n  IIASA i s  a p r o j e c t  on 
computer s c i e n c e s ,  and we debated i n  g r e a t  l e n g t h  on what we 
should be doing i n  v a r i o u s  a s p e c t s  of computer sc ience  includ-  
i n g  a r t i f i c i a l  i n t e l l i g e n c e ,  robotology,  e t c .  We decided t o  
postphone p r a c t i c a l l y  every  e f f o r t  except  one i n  t h e  a r e a  of 
t h e  computer sc iences  p r o j e c t  wi th  t h e  main t h r u s t  i n  t h e  ques- 
t i o n  of networking. Very d i f f i c u l t  p o l i t i c a l  problems a r e  i n -  
volved i n  networking between t h e  S o c i a l i s t  and t h e  non-Soc ia l i s t  
groups of c o u n t r i e s ;  however, we a r e  pursuing t h i s  a c t i v e l y .  
The i d e a  of s a t e l l i t e  conferencing is  on our agenda f o r  explor-  
a t i o n ,  s o  we would very  much l i k e  t o  p o l i c e  what happens h e r e  
and be informed of what goes on. 
We r e c e n t l y  had a conference  sponsoring t h e  work of 
Mesarovic and Peste l - - they had a t e n  s e c t o r  world model (one 
of t h e  s e c t o r s  being Japan,  ano the r  s e c t o r  being t h e  Sov ie t  
Union, e t c . )  and they  a r e  a c t i v e l y  pursuing t h e  p o s s i b i l i t y  
t h a t  t h a t  model could  be played i n  an i n t e r a c t i v e  gaming way 
wi th  t e r m i n a l s  i n  d i f f e r e n t  p l a c e s .  That  i s  ano ther  a s p e c t  
we w i l l  monitor but  n o t  be d i r e c t l y  involved i n .  
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Working Group 1: Methodologica l  Problems o f  Energy Model l ing  
( P r o j e c t i o n ,  Op t imiza t ion  o r  Gaming Models) 
Repor t  
Chairman: M r .  Manne, IIASA 
S c i e n t i f i c  Rappor teur :  Plr. S e l l i n s c h e g g ,  Kar l s ruhe  
I .  P o s s i b l e  t o p i c s  proposed a t  t h e  beg inn ing  o f  t h e  meeting: 
1) Trend e x t r a p o l a t i o n  o f  i n d i v i d u a l  v a r i a b l e s  v e r s u s  
p r o j e c t i o n  o f  i n t e r r e l a t e d  v a r i a b l e s  ( such  a s  q u a n t i t i e s  
and p r i c e s ) .  
2 )  What can  be  s a i d  abou t  m u l t i - c r i t e r i a  f u n c t i o n s ?  
3 )  What a r e  t h e  r e l a t i v e  m e r i t s  of  o p t i m i z a t i o n  and 
gaming v e r s u s  s i m u l a t i o n  models? 
4 )  Rules o f  thumb v e r s u s  t h e o r e t i c a l  approaches .  
5 )  How t o  c o n s t r u c t  t h e  l i n k a g e s  between two o r  more 
o p t i m i z a t i o n  models? 
6 )  Studying  t h e  s e n s i t i v i t y  t o  parameter  changes w i t h i n  
t h e  model v e r s u s  e f f e c t s  o f  t h e  s p e c i f i c a t i o n  e r r o r  
of  t h e  model. 
2 .  Summary of t h e  F i r s t  Working Group Discuss ion Reported by 
t h e  Chairman i n  t h e  Plenarv Sess ion  
I guess  t h a t  our  focus  of a t t e n t i o n  i s  on two s e t s  of 
t h i n g s :  one i s  something of which methodologis ts  a r e  fond-- 
namely techniques--and t h e  o t h e r  has  t o  do wi th  c r i t e r i a .  
Le t  me f i r s t  begin t o  t a l k  about techniques .  You r e c a l l  
t h a t  we were charged t o  cons ide r  t h e  r e l a t i v e  m e r i t s  of applying 
s i m u l a t i o n ,  op t imiza t ion ,  and gaming f o r  a  v a r i e t y  of  r e a l i s t i c  
problems. A f t e r  a  ve ry  s h o r t  sc reen ing  pe r iod  we r e a l i z e d  t h a t  
most of  t h e  p r a c t i c a l  a p p l i c a t i o n s  i n  t h e  energy f i e l d  tend n o t  
t o  be gaming models. We a r e  n o t  t a l k i n g  about  models used i n  
u n i v e r s i t y  r e s e a r c h  b u t  t h e  k inds  of t h i n g s  t h a t  have been done 
a t  m i n i s t r i e s  and e n t e r p r i s e s .  Perhaps gaming models a r e  t ak ing  
p l a c e .  They may r e f e r  t o  very  h igh ly  c o n f i d e n t i a l  t o p i c s ,  b u t  
n e v e r t h e l e s s  t h e s e  t h i n g s  a r e  n o t  r e p o r t e d  by and l a r g e  i n  t h e  
l i t e r a t u r e  i n  a  p r a c t i c a l  sense .  What seems t o  be then t h e  focus  
of most of t h e s e  e f f o r t s  i s  e i t h e r  s i m u l a t i o n  o r  o p t i m i z a t i o n ,  
and a g a i n  one can d e t e c t  some d i f f e r e n c e  i n  t h e  background of  
t h e  people  who tend t o  do one o r  t h e  o t h e r .  Engineers t end  t o  
l i k e  s imula t ions  because they enab le  them t o  d e s c r i b e  s i t u a t i o n s  
t h a t  a r e  p r o b a b i l i s t i c  and d i s c r e t e  i n  a  f a i r l y  r e a l i s t i c  manner. 
Those t h a t  have come from economics o r  mathematics t end  t o  bea r  
a  frame of thought which l eaves  them towards p r e f e r r i n g  opt imi-  
z a t i o n  models. To some e x t e n t  t h e s e  a r e  m a t t e r s  o f  t a s t e ;  b u t  
t o  some e x t e n t  you r e a l i z e  t h a t  once one s p e c i f i e s  a  s imula t ion  
i n  which t h e r e  a r e  a s  many c o n s t r a i n t s  a s  degrees  of freedom, 
one can a l s o  i n t e r p r e t  t h a t  a s  t h e  outcome f o r  an o p t i m i z a t i o n  
model i n  which t h e r e  a r e  ve ry  few a c t i v i t i e s  r e l a t i v e  t o  t h e  
number of  c o n s t r a i n t s ;  and s o  t h e  o p t i m i z a t i o n  c r i t e r i o n  makes 
very  l i t t l e  d i f f e r e n c e .  I n  f a c t  t h e r e  seem t o  be some elements 
of convergence t h a t  d e a l  wi th  d i s c r e t e n e s s ,  e .g .  one could use  
l i n e a r  programming o r  one could  use  dynamic programming. There 
may be some o t h e r  s i t u a t i o n s  i n  which d i s c r e t e n e s s  and probabi-  
l i s t i c  c o n s i d e r a t i o n s  a r e  combined, such a s  t h e  l o s s  of load  
problem i n  i n d i v i d u a l  e n t e r p r i s e s ,  and t h a t  seem t o  be f a v o r i t e  
examples f o r  t h e  use  of s i m u l a t i o n  r a t h e r  than  f o r  a n a l y t i c a l  
c a l c u l a t i o n  of p r o b a b i l i t i e s .  So I should  n o t  say t h a t  we 
have reached a  conclus ion.  P a r t l y  it depends upon t h e  p r o f e s s i o n a l  
background of t h e  people who do it. P a r t l y  it a l s o  depends, I 
s u s p e c t ,  upon t h e  t ime p e r s p e c t i v e .  The longer  t h e  p lanning 
hor izon ,  t h e  less r e l e v a n t  t h e  d e t a i l s  of t h e  l o s s  of load  o r  
t h e  judgment of  s imula t ions  may become; and perhaps t h e  opt imi-  
z a t i o n  model, a l s o  becomes t h e  more a t t r a c t i v e .  Perhaps from 
t h a t  ve ry  l a s t  remark you w i l l  r e a l i z e  t o  which of t h e s e  two 
schoo l s  o f  thought I happen t o  belong.  But I mapped r e p o r t i n g  
i n  a  completely unbiased fash ion .  Obviously t h e r e  a r e  t h i n g s  
t h a t  t h e  one method can do which t h e  o t h e r  cannot  do. Now 
one of t h e  t h i n g s  t h a t  s imula t ion  can do immediately t i e s  i n  
wi th  t h e  second s u b j e c t  i n  a n  o p t i m i z a t i o n  model, i . e .  one i s  
r e q u i r e d  t o  s t a t e  a  c r i t e r i o n  be fo re  s e e i n g  t h e  computer p r i n t -  
o u t .  You cannot go i n t o  a  computer wi th  an opt imal  c o n t r o l  o r  
a  l i n e a r  programming o r  non- l inear  programming model wi thou t  
a  p r i o r i  s p e c i f y i n g  your p re fe rences .  Of course ,  t h a t  i s  t h e  
way i t  i s  desc r ibed  i n  t h e  textbooks ,  b u t  i n  p r a c t i c e  t h e r e  
i s  i n t e r a c t i o n :  you s e e  t h e  r e s u l t s  of  s t r a t e g y  model I ,  s o  
you c r e a t e  s t r a t e g y  model 11 with  a  d i f f e r e n t  c r i t e r i o n  func- 
t i o n .  So aga in  I am n o t  s o  s u r e  t h a t  t h e  d i s t i n c t i o n  i s  s o  
completely c l e a r - c u t  a s  one might t h i n k  from posing t h e  d icho t -  
omy between o p t i m i z a t i o n  which does r e q u i r e  t h e  advanced c l a s -  
s i f i c a t i o n  of a  c r i t e r i o n  f u n c t i o n  ve r sus  s imula t ion  i n  which 
t h e r e  have t o  be a s  many c o n s t r a i n t s  a s  t h e r e  a r e  degrees  of 
freedom, and which do n o t  t h e r e f o r e  r e q u i r e  t h e  o p t i m i z a t i o n  
f u n c t i o n .  
Now then ,  t h i s  immediately l e a d s  t o  t h e  o t h e r  t h i n g  which 
occupied t h e  a t t e n t i o n  of our group yes te rday :  t h e  ques t ion  
of m u l t i p l e  c r i t e r i a .  I n  p r a c t i c e  we do n o t  t h i n k  t h a t  models 
a r e  enough; we know t h a t  t h e  p r a c t i c a l  man does n o t  have a t  
t h e  back of h i s  mind t h e  c a s e  of t ak ing  demands a s  g iven  and 
choosing u l t i m a t e  means of s u p p l i e s  so  a s  t o  s a t i s f y  t h o s e  
demands a t  minimum expected d i scoun ted  c o s t s .  Rather ,  t h e  
d e c i s i o n  maker has  a t  t h e  back of  h i s  mind some o t h e r  c r i t e r i a  
which a r e  hard  t o  s p e c i f y ,  e .g .  l i v e s .  I f  you r e a l l y  b e l i e v e  
t h a t  n u c l e a r  technology c o s t s  more l i v e s  than some o t h e r  technology,  
l i k e  s o l a r ,  b u t  you a r e  n o t  y e t  ready t o  be s p e c i f i c ,  i . e .  t o  
c o n v e r t  t h e  c o s t  i n  l i v e s  t o  a  money c o s t ,  then you cannot 
q u i t e  apply  t h e  same c r i t e r i o n .  So i n  p r a c t i c e  it seems t o  
be a  m a t t e r  of t a s t e  whether one opt imizes  one f u n c t i o n  s u b j e c t  
t o  c o n s t r a i n t s  ( e . g .  we do n o t  want t o  k i l l  more than 4,000 
peop le  by cancer  each y e a r ,  and we can do t h a t  e i t h e r  by dimin- 
i s h i n g  su lphur  d iox ide  emiss ions  o r  by making plutonium a c c i d e n t s  
l e s s  l i k e l y  where one can s p e c i f y  c r i t e r i a  which minimize 
d i scoun ted  c o s t s  s u b j e c t  t o  k i l l i n g  no more than 4,000 people 
pe r  y e a r )  o r  one t r i e s  t o  conver t  from t h e  very  beginning 
economic l i v e s  i n t o  c o s t s .  Here, perhaps ,  one does n o t  l i k e  
e i t h e r  of t h e s e  approaches.  Perhaps one wants t o  t r y  i n t e r -  
views wi th  d e c i s i o n  makers. The whole i d e a  of a  m u l t i p l e  
c r i t e r i a  f u n c t i o n ,  then ,  does invo lve  in te rv iew methods which 
s o c i a l  psycho log i s t s  seem t o  know a  l o t  more about  than most 
of t h e  r e s t  of us .  Among t h e  behav io ra l  s c i e n t i s t s  d e f i n i t e l y  
miss ing a t  t h i s  p o i n t  a t  IIASA a r e  t h e  s o c i a l  psycho log i s t s  
who have exper ience  i n  these  in te rv iewing  techniques  ( and you 
know how d i f f i c u l t  they a r e ) .  I do n o t  t h i n k  we should  k i d  
o u r s e l v e s  t h a t  t h i s  d i s c o u n t  r a t e  f o r  a  long term can simply 
be es tab l i sh ,ed  i n  a  one-hour in te rv iew.  They may a r r i v e  a t  
some number which may be t e n  p e r c e n t  p e r  yea r .  But n e v e r t h e l e s s ,  
one would l i k e  a  more formal j u s t i f i c a t i o n  of t h i s  kind of 
pe rcep t ion  because psychological  i n t e r v i e w s  a r e  obviously  a  
r a t h e r  t r eacherous  t e r r i t o r y .  
A s  I s a y ,  we d i d  n o t  come t o  any c o n c l u s i o n  t h a t  one 
shou ld  always use  gaming, t h a t  one shou ld  a lways  u s e  opt imiza-  
t i o n ,  o r  t h a t  one  shou ld  always use  s i m u l a t i o n .  But I t h i n k  
we were s t r u c k  by s i m i l a r  q u e s t i o n s  abou t  t h e  d i f f e r e n t  method- 
o l o g i e s  t h a t  came from d i f f e r e n t  c o u n t r i e s .  The q u e s t i o n s  
were n o t  t h a t  we do it one way i n  t h e  E a s t  o r  a n o t h e r  way i n  
t h e  West. Obviously t h e r e  a r e  many d i f f e r e n t  ways of  do ing  
t h e s e  t h i n g s ,  bo th  i n  t h e  E a s t  and i n  t h e  West. 
3 .  Comments 
P r o f .  R a i f f a  : 
The methodology group h e r e  h a s  been w r e s t l i n g  w i t h  t h i s  
t y p e  of  i s s u e :  Problems between o p t i m i z a t i o n ,  s i m u l a t i o n ,  
problems o f  gaming, problems o f  m u l t i p l e  c r i t e r i a .  The method- 
o logy  group has  worked ve ry  c l o s e l y  w i t h  t h e  group i n  ecology 
and environment t o  c o n s i d e r  one s p e c i f i c  problem where t h e s e  
i s s u e s  c o u l d  be  addres sed .  W e  c a l l  it t h e  budworm problem 
h e r e ,  and we a r e  now i n  t h e  p r o c e s s  o f  producing  a  t h i c k  volume 
o f  which e a r l y  d r a f t s  shou ld  be ready i n  abou t  a  month from 
now. L e t  me j u s t  s ay  roughly  what t h e  i s s u e  is:  t h e  envi ron-  
men ta l  group looked f o r  an  e c o l o g i c a l  problem where t h e  model- 
l i n g  a s p e c t  was v e r y  w e l l  unde r s tood ,  where t h e r e  were l o t s  
of  s t a t i s t i c a l  d a t a  and where t h e  mode l l i ng  i n  t e r m s  o f  simu- 
l a t i o n  o f  a n  environment was v e r y ,  v e r y  c l e a r .  They came t o  
IIASA w i t h  a  group o f  such  models and looked f o r  a  means o f  
c o u p l i n g  t h e  e c o l o g i c a l  model l ing  w i t h  some s o r t  o f  management 
p o l i c y  o r g a n i z a t i o n  o r  some o t h e r  o p t i m i z a t i o n  programs,  and 
t h e  group dec ided  t o  work on a  problem i n  t h e  Canadian f o r e s t .  
I t  i s  an e c o l o g i c a l  model i n v o l v i n g  b a l a n c e  between t h r e e  spans  
o f  t r e e s - - t h e  f i r  tree,  t h e  balsam tree and t h e  s p r u c e  t r e e - -  
and t h e y  have an e c o l o g i c a l  f i g h t ,  t h e  u s u s a l  k i n d  o f  e c o l o g i -  
c a l  model: The f o r e s t  i s  a t t a c k e d  by a  budworm and a  budworm 
h i t s  t h e  d i f f e r e n t  k i n d s  o f  t r e e s  d i f f e r e n t i a l l y .  The budworm 
u s u a l l y  i s  a t  a  low l e v e l  and eve ry  50 y e a r s  o r  s o  it h a s  a  
b i g  s p u r t  and t h e r e  i s  an epidemic .  L ike  most  e c o l o g i c a l  
models it i s  compl i ca t ed  because  when you have a  p o l i c y  i n  one  
a r e a  t h e r e  is  a  con tag ion  e f f e c t  from one  a r e a  t o  t h e  o t h e r .  
T h i s  model i nvo lved  250 r e g i o n s .  The q u e s t i o n  is  what  shou ld  
b e  t h e  regimen f o r  s p r a y i n g ,  c u t t i n g  and management o f  t h i s  
f o r e s t  a r e a .  Now, George Dantz ig  and a  group of  p e o p l e  have 
worked ve ry  h a r d  f o r  months on v e r y  complex l i n e a r  programming 
and n o n l i n e a r  programming, i n t e g e r  dynamic programming and 
methods o f  o p t i m i z a t i o n  f o r  t h a t  model. T h e i r  l a t e s t  f o r a y  
i s  i n  t h e  q u e s t i o n  o f  t r y i n g  t o  come t o  g r i p s  w i t h  t h o s e  vexing  
problems i n v o l v i n g  t r a d e - o f f s  between economic c o n s i d e r a t i o n s :  
what happens t o  t h e  lumber i n d u s t r y  and what happens t o  t h e  
p r e s e r v a t i o n  o f  w i ld  l i f e ,  problems o f  r e c r e a t i o n ,  e t c .  So 
i n  t h i s  s o r t  o f  microcosm we have  a l l  t h e s e  i s s u e s  b e i n g  
tho rough ly  i n v e s t i g a t e d  and I t h i n k  t h e  book, once it comes o u t  
i n  a  p r e l i m i n a r y  i s s u e  i n  a b o u t  a  month, shou ld  be  f a s c i n a t i n g .  
Working Group 2 :  The Formulation of Demand Relations in 
the Energy Field 
Report 
Chairman: Mr. Koopmans, IIASA 
Scientific Rapporteur: Mr. Charpentier, IIASA 
1. Possible topics proposed at the beginning of the meeting: 
1) For which purposes to study demand for energy: 
at the macro level? 
at the micro level? 
2 )  At the micro-economic level: What kind of other 
variables could be considered in addition to - 
prices - income - past trends? 
3) What can be said about the notion of price 
elasticity of demand? 
41 What are the effects of physical, technological 
and economic substitution possibilities on the 
demand for specific fuels? 
5) Why are input-output matrices in energy terms so 
little developed? 
6 )  Is the correlation between GNP and energy consumption 
a structural characteristic of the economy? 
7) Is GNP a suitable variable for describing the degree 
of economic development? 
8 )  Is it possible to use the same form to study the 
evolution of demand in developed countries and in 
developing countries? 
2 .  Summary of  t h e  Second Working Group Discuss ion  Reported by 
t h e  Chairman i n  t h e  P lena ry  Sess ion  
The assignment of ou r  working group was t h e  fo rmula t ion  of  
demand r e l a t i o n s  i n  t h e  energy f i e l d .  I s h a l l  t r y  t o  employ 
some kind of t e l eg ram s t y l e  i n  going through t h e  s u c c e s s i v e  
p o i n t s  of  o u r  d i s c u s s i o n .  
The f i r s t  p o i n t  was exogenous v e r s u s  endogenous r e p r e s e n t a t i o n  
of  demand i n  energy model l ing .  I t h i n k  t h e r e  was some k ind  of  
agreement t h a t  t h e  exogenous concep t  of demand i s  used a  g r e a t  d e a l ,  
b u t  should  be  looked a t  a s  some k ind  of  f i r s t  approximation t h a t  
you may f i n d  u s e f u l .  I f  you c o n c e n t r a t e  on something o t h e r  t h a n  
demand a s  t h e  t h i n g  t h a t  should  go  i n t o  t h a t  model i n  more d e t a i l ,  
t hen  an  exogenous n o t i o n  of demand may w e l l  be u s e f u l .  There i s  
an example i n  t h e  s e r i e s  of r e a c t o r  s t r a t e g y  models of  Hafe le  and 
Manne. Number 4 of  t h i s  s e r i e s  s t i l l  has  exogenous demand and,  
a s  I under s t and  i t ,  number 5 w i l l  have a  demand depending on p r i c e .  
The second q u e s t i o n  was: Is t h e  GNP-energy demand c o r r e l a t i o n  
one way t o  make demand endogenous, and i s  t h a t  r e a l l y  a  s t r u c t u r a l  
r e l a t i o n ?  On t h a t ,  I t h i n k ,  w e  concluded t h a t  GNP r e a l l y  i s  a  
proxy f o r  consumers'  income, and t h a t  t h e r e f o r e  i n  a  more d e t a i l e d  
and s e n s i t i v e  r e p r e s e n t a t i o n  of demand one would p r e f e r  t o  use  an 
income v a r i a b l e ,  a t  l e a s t  f o r  household demand. For  t h e  i n d u s t r y  
demand one would t h e n  p r e f e r  t o  u s e  a  v a r i a b l e  t h a t  i s  more 
s p e c i f i c  t o  t h e  energy use  by t h a t  i n d u s t r y  t h a n  GNP i s ;  b u t ,  
i f  you make c r o s s  s e c t i o n s  ove r  c o u n t r i e s  i n  which GNP i s  t h e  
main in fo rma t ion  a v a i l a b l e ,  t hen  t h a t  w i l l  be  a  s t and- in  f o r  
t h a t  purpose .  The n e x t  v a r i a b l e  t h a t  one would i n t r o d u c e  
a f t e r  income would be  i n  t h e  f i r s t  p l a c e  t h e  p r i c e  of  ene rgy ,  o r  
of  t h e  component of  energy t h a t  is  a t  i s s u e ,  and a g a i n  f o r  a  
t h i r d  approximation t h e  p r i c e s  o f  o t h e r  i t e m s  of e x p e n d i t u r e .  
I n  t h i s  c a s e ,  i f  t h e  s tudy  c o n c e n t r a t e s  on one component of  
ene rgy ,  t h e n  t h e  p r i c e s  of o t h e r  components o f  energy would be 
good v a r i a b l e s  because  t h e y  r e p r e s e n t  s u b s t i t u t e s  i n  consumption. 
To most of  u s ,  I t h i n k  t h i s  was a  t h i n g  on which w e  were i n  ag ree -  
ment, a s  t h i s  was f a m i l i a r  ground.  Something t h a t  u n t i l  q u i t e  
r e c e n t l y  was unexpected by me ( b u t  when I d i d  s u s p e c t  it I 
r e c e i v e d  conf i rma t ion  from Pro f .  Jorgenson)  conce rns  t h e  s t r o n g  
i m p l i c a t i o n s  of  a  h y p o t h e s i s  t h a t  i s  o f t e n  made by economis ts .  
That  i s  t h e  hypo thes i s  t h a t  t h e  consumer maximizes u t i l i t y  under 
a  budget  c o n s t r a i n t .  That  i s ,  one p o s t u l a t e s  t h a t  e i t h e r  t h e  
i n d i v i d u a l  consumer o r  some " r e p r e s e n t a t i v e "  consumer maximizes 
a  f u n c t i o n  of  t h e  q u a n t i t i e s  of  t h e  v a r i o u s  goods o r  s e r v i c e s  
he consumes and one may c a l l  t h a t  a  u t i l i t y  f u n c t i o n .  The 
consumer a l s o  c o n f r o n t s  g i v e n  p r i c e s  t h a t  he  canno t  i n f l u e n c e  
and makes h i s  c h o i c e s  w i t h i n  a  g i v e n  income o r  t o t a l  e x p e n d i t u r e  
f i g u r e .  Then w e  can make t h e  assumption t h a t ,  a s  t h e s e  p r i c e s  
va ry  and a l s o  a s  t h e  income v a r i e s ,  t h e  consumer w i l l  come o u t  
a t  t h a t  p o i n t  where he  r eaches  t h e  g r e a t e s t  u t i l i t y  t h a t  i s  
a v a i l a b l e  t o  him, s u b j e c t  t o  t h o s e  c o n s t r a i n t s .  Now t h e  i m p l i c a t i o n s  
o f  t h a t  assumption f o r  demand a n a l y s e s  seem t o  be  q u i t e  s t r o n g  w i t h  
regard to the price elasticities of demand. Let me just write 
down the definition of that notion: If the demand function is 
qi = fi(p1,p2,...,I) where qi is the quantity demanded if the 
p4 are prices and I is the income, then the elasticity of demand 
J 
for good i with respect to the price of good j is defined as the 
dimensionless quantity 
Suppose you now make the assumption that this demand function 
itself arises from utility maximization, and in addition to that 
you assume that for different price constellations and different 
incomes 
The temptation to make that assumption is strong, because then 
you can say here is a parameter that means something, and if I fit a 
function with constant price elasticity I have some kind of a 
summary of the elasticity information that the data give me. 
However, it turns out that if this demand function does come 
from utility maximization then 
Pi hi 
- -- - -1 for all i, j with ifj. 
9 i api 
This implication of utility maximization on the part of the 
consumer means that you have to give up either the utility 
maximization assumption, or else the elasticity concept as 
something that you can apply as a constant to a whole region. 
It is something that at best applies to a neighbourhood of a 
particular point. Some reflection shows that it could not 
apply to the whole region: Suppose the elasticity of demand 
for energy remains indefinitely less than 1 even when you 
continue raising the price of energy. Then at some point 
your whole budget would be taken up by energy expenditure 
alone, and that is not believable. 
I now continue with another question: whether the response 
of demand to price is instantaneous. It certainly is not, 
and definitely not in energy. First of all, habits have to 
be modified and that takes some time. As long as the consumer 
thinks that he still wants the same amount of energy when 
it has become more expensive, he will find that he can only 
have less of something else. When he becomes aware of that 
he will change his habits. But in addition there is his 
energy-using equipment: e-g., the big car. It takes a few 
years before the big car is worn out, that is, before he is 
ready to substitute a smaller car for the bigger one. 
And therefore we must also regard these demand relationships 
particularly in the energy field as having a time lag structure 
to them. 
One other item has to do with the aggregation of energy 
variables both in demand analyses and in supply analyses. A 
particular form of aggregation that is in rather widespread 
use is to reduce everything to Btu's, either Btu's of coal, 
Btu's of oil or on the consumer side Btu's of electric energy, 
and so on. There is a paper by Ralph Turvey* that recommends 
not to use what seems like the suggestion given by nature in 
the law of conservation of energy, but to regard the 
aggregation of. demand as an economic problem. Turvey's proposal 
is to deal with the choice of a quantity index just like one 
would in the case of food or in the case of other components 
of consumption. Take the quantities consumed at various times 
of the various components, weight them by base year prices, 
and thus form a quantity index number as one would do for any 
other aggregated consumption variable. 
There were two more items that went beyond the discussion of 
demand, but they did come up naturally from the discussion. 
One was the question by Mr. Krymrn on optimal demand or as he 
revised it in the light of the discussion: "If you have an 
equilibrium model because demand is endogenous, then you would 
have demand equal to supply (call it quantity): then what is 
the optimal magnitude of that equal number?" This led to a 
discussion of the economic ideas on what are optimal outputs 
of various enterprises that are often administered on a 
national scale, like national electricity authorities, and to 
the discussion of average cost prices versus marginal cost 
pricing. Average cost pricing for an enterprise that works 
in the public interest is not a bad idea. But there are 
certain industries in which as the total output increases the 
extra cost of providing for an extra unit of demand diminishes. 
These industries are called decreasing cost (or increasing 
returns) industries, and we had some discussion of what is 
the optimal supply in that case. The traditional economic 
doctrine says that in those circumstances one should really 
price only at the extra (or marginal) cost occasioned by the 
last unit of demand. But this means that then the total cost 
of the energy supplying utility cannot be met from the total 
revenue. An argument would have to be made that in the public 
* 
Turvey, R. and Nobay, A.R. 'On measuring energy consumption." 
Economic Journal, December 1965, pp. 787-93. 
interest the deficit be made up rather by taxation than by 
raising the price (as would occur if one went over to average 
cost pricing). This is a very hard argument to make to any 
legislature, so it is not really explicitly adopted. However, 
as Mr. Janin explained, the ~lectricitg de France in some--one 
might say roundabout--way comes close to it as a result of 
continuing inflation. We did not achieve a quantitative 
verification of that statement in our discussion but the 
observation is an interesting one. 
Finally Mr. Aubauer brought up the very important question 
of environmental effect, and I am sorry that, at that point, 
time was limited for us to discuss it. One could really say 
that environmental damage is a form of negative demand. 
Therefore it affects the utility of the consumer and should come 
into the analysis just as much. One way in which that can 
be incorporated in the model is to set standards and estimate 
the extra cost of meeting the standards. 
Working Group 3: How to Account for the Impact of the R & D 
Effort in New Technologies? 
Report 
Chairman: Mr. Grenon, IIASA 
Scientific Rapporteur: Mr. Weyss, IIASA 
1. Possible topics proposed at the beginning of the meeting: 
1) Is it possible to model the R & D effort? 
2) How to model the relation of R & D inputs to the 
probabilities of success? 
3) How to model successive goals and sequential conditional 
probabilities of success? 
4) How to model game aspects of major technological choices? 
5) What are subjective probabilities? Is this notion valid 
and useful for decision making? 
6) How to take into account renewable resources such as 
solar and geothermal energy? Could we regard them as 
the income from an inexhaustible capital? 
7) Could the new technology problems be taken into account 
and formulated in the same way for both developing and 
developed countries? 
8) Who are the decision makers? 
2. Summary o f  t h e  T h i r d  Working Group Discuss ion  Reported by 
M r .  Wevss i n  t h e  P lenarv  S e s s i o n  
2 . 1  Is it p o s s i b l e  t o  model t h e  R & D e f f o r t ?  
Concerning t h e  q u e s t i o n  a s  t o  t h e  p o s s i b i l i t y  o f  mode l l ing  
t h e  R & D e f f o r t  t h e r e  a r e  s e v e r a l  a s p e c t s  f o r  t h e  seven  t y p e s :  
I n c r e a s i n g  complexi ty  and m u l t i -  
4- d i m e n s i o n a l i t y ,  t h e r e f o r e  i n c r e a s -   
i n g  need f o r  mode l l ing  
I n c r e a s i n g  a v a i l a b i l i t y  of  i n p u t  
d d a t a  and g o a l s ,  t h e r e f o r e  i n c r e a s -  
i n g  f a c i l i t y  t o  make a  model. 
P r o j e c t s  which a r e  c l o s e r  t o  i n d u s t r i e s  a l r e a d y  i n  e x i s -  
t e n c e  have a n  advantage o v e r  t h o s e  f o r  which t h e r e  i s  an 
absence o f  e x i s t i n g  e n t e r p r i s e s  a t  p e r s e n t  ( e . g .  n u c l e a r  r eac -  
t o r s  v s .  d i r e c t  the rmal  u s e  of  s o l a r  e n e r g y ) .  
7 r o u t i n e  
deve lopment& 
c o n s t r u c t i o n  
b a s i c  
a p p l i e d  
The p a r t i c i p a n t s  have n o t  g i v e n  f o r e c a s t i n g  models t h a t  
e x i s t  today  f o r  1 - 7 ;  what i s  known a r e  a t t e m p t s  such  a s  
s t r u c t u r a l  f o r e c a s t i n g  models ,  e s t i m a t i o n s ,  b road  summaries 
and l is ts  of  R & D b u d g e t s ,  and some model a s p e c t s  o f  PERT 
(Program E v a l u a t i o n  and Rout ing Technique) i n  t h e  p r a c t i c e  o f  
t h e  e n t e r p r i s e .  
So it seems t o  be a n  i n h e r e n t  t a s k  f o r  IIASA, i n  p a r t i -  
c u l a r  w i t h  t h e  h e l p  of  methodology, t o  i n t r o d u c e  mode l l ing  i n  
R & D p l a n n i n g  i n  a l l  seven s e c t o r s ,  e .g .  by means of  a  
p r a c t i c a l  manual.  
Research 
t h e o r e t i c a l  
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The main aim of t h e  energy m o d e l l i s t s  should be  an e x a c t  
fo rmula t ion  of which kind of R & D o r  which ranking of p r i o r i -  
t i e s  t o  choose,  i n  o r d e r  t o  avoid t h e  energy gap, which is 
o the rwise  t o  be fo reseen .  
2 . 2  How t o  model t h e  r e l a t i o n  of R & D i n p u t s  t o  t h e  
p r o b a b i l i t i e s  of  success?  
The I R 6 D I - I Success I System 
is more complex than  any o t h e r  system because of t h e  p o s s i b l e  
feedback of i n t e l l e c t u a l  b r a i n  and t h e  R & D process .  
I t  was sugges ted  t o  develop a  r e t r o s p e c t i v e  a n a l y s i s  of  
a  f u l l y  completed R & D p r o j e c t  t h a t  e i t h e r  was s u c c e s s f u l  o r  
unsuccess fu l  (examples a r e  t h e  development of  s y n t h e t i c  rubber ,  
t h e  r i v e r  coo l ing  of power p l a n t s ) .  Such "ex pos t "  ana lyses  
could be h ighly  i n s t r u c t i v e  f o r  f u t u r e  models. 
2 . 3  How t o  model success ive  g o a l s  and s e q u e n t i a l  condi-  
t i o n a l  p r o b a b i l i t i e s  of success?  
U n c e r t a i n t i e s  so  f a r  have been expressed by a  cone of 
d i s p e r s i o n  o f  t h e  d a t a .  I t  indeed seems necessary  t o  have a s  
many r e p e t i t i o n s  of computer runs  of  a  computer program a s  
p o s s i b l e ,  which i n c l u d e  e i t h e r  a  s e n s i t i v i t y  s tudy o r  con t in -  
uously  p u t t i n g  i n  improved d a t a  and,  i f  necessa ry ,  even changed 
g o a l s .  
The p a r t i c i p a n t s '  op in ions  v a r i e d  between i t e r a t i o n  
pe r iods  of 5 y e a r s  t o  annual  o r  even more f r e q u e n t  r e p e t i t i o n  
o f  a l l  v a r i a b l e s .  
2 . 4  How t o  model game a s p e c t s  of  major t echno log ica l  
cho ices?  
Al thouf l  r e a l i t y  shows t h a t  t h e  success  of  competing i d e a s  
i s  dec ided  by a  s o r t  of  compet i t ion  of t h e i r  proponents-- 
s i m i l a r l y  t o  t h e  f r e e  market  economy s i t u a t i o n - - t h e  use  of  game 
t h e o r y  p o s s i b l y  could  i n t r u d e  i n t o  pe r sona l  spheres .  What was 
r e f e r r e d  t o  i n  t h i s  c o n t e x t  by t h e  p a r t i c i p a n t s  a s  game theory  
d e a l t  o n l y  wi th  i n t e r n a t i o n a l  compet i t ion  o r  compet i t ion  of 
energy companies. 
A s  t h e r e  i s  a  c e r t a i n  l a c k  o f  a v a i l a b l e  bra inpower ,  
t h e r e  i s  a  problem o f  model l ing  t h e r e ,  t o o ,  p r i m a r i l y  t o  l i n k  
t o g e t h e r  f o r  d i s c u s s i o n  a l l  pe r sons  who a r e  e x p e r t s  i n  a  p a r t i c -  
u l a r  f i e l d .  
2 . 5 .  What a r e  s u b j e c t i v e  p r o b a b i l i t i e s ?  Is t h i s  n o t i o n  
v a l i d  and u s e f u l  f o r  d e c i s i o n  making? 
I f  o b j e c t i v e  f a c t o r s  a r e  a l r e a d y  a v a i l a b l e  t h e n  it can  b e  
assumed t h a t  somewhere R & D is  a l r e a d y  under  way. I f  a  new 
beginning  i s  t o  be made, one a lmost  always w i l l  have t o  
r e s t r i c t  o n e s e l f  t o  s u b j e c t i v e  p r o b a b i l i t i e s .  I n  t h i s  c a s e  
t h e r e  may be a  danger  t h a t  t h e  d e c i s i o n  maker y i e l d s  t o  t h e  op- 
p i n i o n  o f  an i s o l a t e d  p r o t a g o n i s t .  I t  would be b e t t e r  t o  look 
f o r  e x p e r t s  who ho ld  d i f f e r e n t  o p i n i o n s  so  t h a t  a  f a i r e r  eva lua-  
t i o n  c a n  be reached.  
On t h e  o t h e r  hand,  i f  t o o  many peop le  (De lph i )  o r  t o o  many 
d i s c i p l i n e s  a r e  c o n s u l t e d  t h e r e  is  t h e  danger  o f  o b t a i n i n g  
s e v e r a l  o p i n i o n s  abou t  s u c c e s s  va ry ing  between 90% and 1% s o  
t h a t  t h e  c a l c u l a t e d  average  promises always o n l y  medium s u c c e s s ,  
no m a t t e r  how good t h e  p r o j e c t  i s .  I t  was f e l t  t h a t  f i n a l  
consumers '  o r  end -use r s '  o p i n i o n  should  be  weighed r e l a t i v e l y  
h igh .  
Looking around i n  t h e  world ("What do  o t h e r s  d o  i n  such  
a  c a s e ? " )  o n l y  l e a d s  t o  pseudo-democrat ic  i m i t a t i o n .  An 
i s o l a t e d  b u t  good s u g g e s t i o n  f o r  new technology even w i t h  o n l y  
a  s u b j e c t i v e  p r o b a b i l i t y  o f  su.ccess shou ld  be g iven  a  f i r s t  
chance .  
2 . 6  How t o  t a k e  i n t o  accoun t  renewable r e s o u r c e s  such 
a s  s o l a r  and geothermal  energy?  Could w e  r e g a r d  
them a s  t h e  income from an i n e x h a u s t i b l e  c a p i t a l ?  
The u s e  o f  t h e  d a i l y  sun  r a d i a t i o n  could  be  a  f i n a l  s o l u -  
t i o n  t h a t  e n t a i l s  no haza rds .  I t s  t r a n s p o r t a t i o n  v i a  secondary  
energy  c a r r i e r s  from t h e  t r o p i c  o r  s u b t r o p i c  zones t o  tempera te  
zones o f  l a r g e  energy  u s e  could  l e a d  t o  c l i m a t o l o g i c a l  problems.  
One p a r t i c i p a n t  exp res sed  h i s  doub t s  a s  t o  t h e  a v a i l a b i l i t y  
and i n e x h a u s t i b i l i t y  of o t h e r  raw m a t e r i a l s  needed i n  t h e  
h a r v e s t i n g  of t h i s  s o l a r  energy  and the enormous amounts of 
energy  needed t o  produce t h e  i n i t i a l  equipment f o r  t h a t  h a r v e s t -  
i n g .  
A s  f a r  a s  geothermal  energy is  concerned,  t h e r e  a r e  c e r t a i n  
e x p e r t s  who doub t  t h a t  geothermal  energy  t h a t  can  e a s i l y  o r  
w i t h  some medium d i f f i c u l t y  be e x t r a c t e d ,  w i l l  s u f f i c e  t o  
m e e t  t h e  o v e r a l l  demand o f  mankind. 
2.7 Could the new technology problems be taken into 
account and formulated in the same way for both 
developing and developed countries? 
It may be in the interest of prestige of the developing 
countries that an attempt should be made to establish the same 
equations and the same model programs for all countries, and 
then to insert for each individual case 
1) their individual goals, 
2) different scales, 
3) suitable input data, 
4) marginal conditions (according to the political 
environment). 
Environmental prophylaxis, risks of technical or social 
"after-cost" should perhaps be calculated as a negative 
("malus") versus all other positive benefits ("bonus") of the 
particular technology. 
2.8 Who are the decision makers? 
A) Governments, 
B) Often the invisible, buyeaucratic, interwoven organisms, 
C) Heads of institutions, 
D) Even the experts and inventors and product managers 
if their new proposals are convincing. 
In reality, persons as catalyzers are often the decision 
makers. With increasing credibility of the input data a 
higher level of objective decision making will be reached. 
3. Comments 
Mr. Hafele: 
That exemplifies the observation that modelling is con- 
centrating on quantifiable parameters but many areas are not 
so easy to be quantified. 
Mr. Raiffa: 
Throughout our various projects we looked at cross-cutting 
themes. One of the cross-cutting themes is technological 
asses smen t  and I t h i n k  from t h e  me thodo log ica l  p o i n t  of  view 
we w i l l  be  going  i n t o  doing  something o f  t h i s  kind.  
P r o f e s s i o n a l l y ,  I ,  myse l f ,  have been invo lved  i n  t h e  u s e s  
of  judgmental p r o b a b i l i t i e s  and e x p e r t  o p i n i o n  t o  make complex 
d e c i s i o n s .  I was under t h e  misapprehens ion  t h a t  t h e r e  was an 
i d e o l o g i c a l  d i f f e r e n c e  between t h e  k inds  o f  r e s e a r c h  done i n  
t h e  USA and some of  t h e  types  of  r e s e a r c h  done i n  t h e  S o v i e t  
Union, b u t  I have l e a r n e d  i n  my c a p a c i t y  h e r e .  I have been 
i n c r e a s i n g l y  asked  and r e q u e s t e d  by peop le  from t h e  S o v i e t  
Union t o  move more i n  t h e  d i r e c t i o n  of  t h e  use  o f  e x p e r t  
o p i n i o n  and judgmental p r o b a b i l i t i e s .  I n  f a c t ,  t h e r e  is  
Acad. Glushkov's  i n s t i t u t e  i n  Kiev where they  a r e  dong a  g r e a t  
d e a l  o f  work on combining judgmental p r o b a b i l i t i e s  and e x p e r t  
o p i n i o n  and t h i s  same t o p i c  t h a t  we w i l l  pursue .  
T h i s  r e q u e s t  came from t h e  Academies of Sc i ences  o f  bo th  
t h e  GDR and from t h e  CSSR, a l l  pushing  i n  t h e  d i r e c t i o n  o f  t h e  
u s e  o f  e x p e r t  opin ion  i n  d e c i s i o n  making; s o  we probably  push 
i n  t h a t  d i r e c t i o n  i n  t h e  methodology a r e a .  
A s  f a r  a s  t h e  s t r a t e g i e s  o f  r e s e a r c h  and development t h a t  
you a l l u d e d  t o  a r e  concerned ,  t h e  Energy Group i s  working i n  
some k i n d s  o f  problems abou t  what a r e  t h e  optimum s t r a t e g i e s  
f o r  d i f f e r e n t  agenc ie s  and governments i n  new technology.  I n  
a d d i t i o n ,  we have a  p r o j e c t  on O r g a n i z a t i o n a l  Systems. One 
o f  t h e  s u g g e s t i o n s  which came o u t  from an i n t e r n a t i o n a l  con fe rence  
was t h a t  we should  s t u d y  " o r g a n i z a t i o n a l  ways f o r  f a c i l i t a t i n g  
c r e a t i v e  r e s e a r c h  i n  development s t r a t e g i e s . "  And a g a i n ,  t h i s  
was a  s u g g e s t i o n  t h a t  came o u t  from b o t h  S o c i a l i s t  and non- 
S o c i a l i s t  s i d e s  t o g e t h e r .  
I n  a d d i t i o n ,  we have ano the r  p r o j e c t  i n  t h e  b io-medica l  
a r e a  and we a r e  t r y i n g  t o  g e t  some l e a d e r s h i p  h e r e  from 
Acad. Venediktov from t h e  S o v i e t  Union. He i s  a  s t r o n g  advocate  
of  do ing  work on n a t i o n a l  s t r a t e g i e s  f o r  r e s e a r c h  and development 
i n  t h e  b io-medica l  a r e a  t o  make comparisons o f  g l o b a l  s t r a t e g y  
e f f o r t s  w i t h i n  n a t i o n s  and t o  coup le  t h a t  w i t h  q u e s t i o n s  of  
i n t e r n a t i o n a l  s t r a t e g y .  He i s  p a r t i c u l a r l y  i n t e r e s t e d ,  a s  a  
c o n c r e t e  i n s t a n c e  of  t h i s ,  t o  l ook  a t  comparisons w i t h i n  each  
of  t h e  n a t i o n s  i n  ontological c a n c e r  r e s e a r c h  and what we 
can  do i n  t e rms  of  a n  i n t e r n a t i o n a l  community t o  c o o r d i n a t e  
ou r  a c t i v i t i e s  i n  t h i s  long range  r e s e a r c h  and development e f f o r t  
and  t r y  t o  c l a r i f y  some i s s u e s  h e r e .  So t h i s  a g a i n  is a  theme 
which came up i n  t h e  energy  a r e a  b u t  it i s  p r e s e n t  i n  t h e  o t h e r  
p r o j e c t s  of  ,IIASA. 
Working Group 4: The Embedding of  Energy Models i n t o  an 
Economy-Wide Model and t h e  Linking  of  
S e v e r a l  N a t i o n a l  and Regional  Models 
Repor t  
Chairman: M r .  Dantz ig ,  IIASA 
S c i e n t i f i c  Rappor t eu r :  M r .  Ponssa rd ,  IIASA 
1. P o s s i b l e  t o p i c s  proposed a t  t h e  beg inn ing  o f  t h e  meet ing:  
1) What t e c h n i q u e s  cou ld  be  used? 
2 )  What i s  t h e  r o l e  of p r i c e s  a s  l i n k s ?  
3 )  How t o  p a r t i t i o n  t h e  world i n  such  a  way a s  t o  s tudy  
t h e  energy  problem most  e f f i c i e n t l y ?  
4) What s t e p s  may be  needed b e f o r e  we t r y  t o  b u i l d  a  
world energy  model? 
5 )  What i s  t h e  p r a c t i c a l  meaning o f  a  s i n g l e - f u e l  model? 
6 )  How t o  s tudy  c o a l i t i o n  problems? Could t h e  t h e o r y  of  
games be  u s e f u l ?  
7 )  Who a r e  t h e  d e c i s i o n  makers i n  i n t e r n a t i o n a l  problems? 
How does  one model t h e i r  r o l e ?  
8 )  What forms of  t h e  o b j e c t i v e  f u n c t i o n  o r  f u n c t i o n s  
a r e  a p p r o p r i a t e  i n  i n t e r n a t i o n a l  models? 
2 .  Summary of t h e  Fourth Working Group Discussion Reported 
by M r .  Ponssard i n  t h e  Plenary  Sess ion 
Topics d i scussed  by t h e  group: 
1) Linkage of models wi th  d i f f e r e n t  forms of energy-- 
r eg iona l  cons ide ra t ions .  
2 )  Linkage of models through t r a n s p o r t a t i o n  models. 
3)  Methodology f o r  l inkage of submodels ( h i e r a r c h i c a l  
systems,  cons ide ra t ions  of d i f f e r e n t  o b j e c t i v e  
f u n c t i o n s )  . 
4 )  Linkage of n a t i o n a l  o i l  and g a s  models. 
Topic 4 rece ived  most emphasis because of t h e  presence 
of Dean, F a i d i  (OPEC) and Clegg ( B P )  and a l s o  because t h i s  
was c e r t a i n l y  one s e c t o r  i n  which t h e r e  was s t r o n g  i n t e r d e -  
pendence between coun t r i e s - - in  p a r t i c u l a r  t h e  u n c e r t a i n t y  i n  
t h e  p r i c e  of the  Arabian o i l  i n  t h e  l a s t  y e a r s  made n a t i o n a l  
models t o t a l l y  u n r e a l i s t i c .  
Deam's i n t e r n a t i o n a l  o i l - g a s  model was then used a s  a  
b a s i s  f o r  s p e c i f i c  d i s c u s s i o n s  and more genera l  c o n s i d e r a t i o n s .  
Since  t h i s  model was e x t e n s i v e l y  presented i n  a  morning s e s s i o n ,  
on ly  comments w i l l  be repor ted  h e r e .  
They may be summarized along t h e s e  l i n e s :  
- t h e  l inkage  of models ought t o  be d i f f e r e n t  f o r  a  s h o r t  
o r  a  long term hor izon.  Because of s u b s t i t u t i o n  p o s s i b i l i t i e s  
l e s s  in f luence  should be placed on p r i c e  c o n s i d e r a t i o n s  f o r  
t h e  long term; o b j e c t i v e  func t ions  should a l s o  be d i f f e r e n t  
because of u n c e r t a i n t i e s ;  
- t h e  p r i c e  of  Arabian o i l  i s  c e r t a i n l y  no t  completely 
a r b i t r a r y  b u t  depends i n  f a c t  on many c r i t e r i a  l i k e  t h e  c o s t  
of  raw m a t e r i a l s ,  t h e  c o s t  of manufactured goods ( i n  p a r t i c u l a r  
s i n c e  some producing c o u n t r i e s  a r e  engaged i n  heavy i n d u s t r i a l -  
i z a t i o n  programs) ,  t h e  p o s s i b i l i t y  of s u b s t i t u t i o n .  In te rna -  
t i o n a l  models should r e f l e c t  t h i s  interdependence ( a  d i s c u s s i o n  
a r o s e  about  t h e  impact of t h e  r e c e n t  p r i c e  i n c r e a s e  on consumers' 
behavior ;  some persons thought t h a t  t h e  10% decrease  i n  demand 
would l e v e l  o f f  qu ick ly  and no t  lead t o  any long term r e a d j u s t -  
ment wi thou t  p o l i t i c a l  re inforcements)  . 
The approach t o  t h e  l inkage  of models through p r i c e s  may 
p u t  too  much emphasis on a  compromise f o r  s h o r t  term marginal  
c o s t s  whereas what one r e a l l y  needs today is  t o  c o n t r o l  t h e  
t echno log ica l  advances paying f u l l  a t t e n t i o n  t o  long term 
e c o l o g i c a l  and s o c i o l o g i c a l  a s p e c t s .  
A second t o p i c  was a l s o  d i s c u s s e d :  t h e  me thodo log ica l  
a s p e c t  of  b u i l d i n g  m u l t i n a t i o n a l  models .  Re fe rence  was made 
t o  t h e  Mesa rov ic /Pes t e l  work u s i n g  t h e  t h e o r y  of h i e r a r c h i c a l  
sys tems.  However, t h e  g e n e r a l  f e e l i n g  was t h a t  t h e r e  was no 
a v a i l a b l e  s a t i s f a c t o r y  methodology t o  i n v e s t i g a t e  m u l t i p l e  
d e c i s i o n  maker models .  E x i s t i n g  methodology- l ike  t h e o r y  
appea red  a s  t o o  d i f f i c u l t  t o  implement and w i t h  a  poor p r e -  
d i c t i v e  power anyway, g i v e n  t h e  endogenous behav io r  of p o l i t i -  
c a l  a c t o r s ;  gaming has  a l s o  a  v e r y  poor p r e d i c t i v e  power 
through it makes (nayve)  d e c i s i o n  makers  aware of  new i s s u e s .  
Given t h e  h i g h l y  u n c e r t a i n  f u t u r e  and t h e  d i f f i c u l t y  of f o r m a l l y  
mode l l i ng  t h e  i n t e r n a t i o n a l  c o m p e t i t i v e  s i t u a t i o n  it was t h e n  
re-emphasized t h a t  p l ann ing  f o r  f l e x i b i l i t y  a t  l e a s t  o f f e r s  
a p r a c t i c a l  answer t o  t h i s  t h e o r e t i c a l  b o t t l e n e c k .  Th i s  may 
be  ach ieved  by deve lop ing  good n a t i o n a l  models and i n t r o d u c i n g  
p o l i t i c a l  c o n s t r a i n t s  a s  pa rame te r s  ( e : g .  t a x e s  on o i l ,  
p o l l u t i o n  s t a n d a r d s ,  e t c .  ) . Then sensitivity a n a l y s i s  cou ld  be 
performed on t h e s e  pa rame te r s  and a  s h o r t  t e rm s t r a t e g y  which 
would b e  f a i r l y  i n s e n s i t i v e  shou ld  be  looked f o r .  Such a  
s t r a t e g y  would t h e n  l e a v e  open t h e  o p p o r t u n i t y  t o  b e n e f i t  from 
t h e  p r o g r e s s i v e  r e s o l u t i o n  of u n c e r t a i n t y  i n  t h e  f u t u r e .  
3 .  Comments: 
M r .  H a f e l e :  
A s  o r i g i n a l l y  env i saged  we had p lanned  t o  d i s c u s s  f u t u r e  
r e s e a r c h  t o p i c s  i n  t h e  f i e l d  of energy  mode l l i ng  and t o  some 
e x t e n t  t h e  4  r e s e a r c h  r e p o r t s  have i l l u m i n a t e d  t h i s  q u e s t i o n .  
I would l i k e  t o  a s k ,  though,  whe the r ,  i f  t h e y  have been ex- 
p l i c i t ,  someone has  a  q u e s t i o n  o r  a p o i n t  t o  make i n  g e n e r a l .  
A p a r t i c i p a n t :  
There  a r e  t h r e e  problems on which I t h i n k  it a d v i s a b l e  
t o  work: 
1. The s t u d y  of i n t e r - l i n k a g e  between budworm systems 
and t h e  energy  sys tem,  n o t  o v e r  t h e  n e x t  40 y e a r s ,  
b u t  ove r  a  number of  y e a r s  t h a t  i s  comparable t o  t h e  
t ime c o n s t a n t  f o r  e c o l o g i c a l  sy s t ems ,  abou t  500 t o  
1000 y e a r s .  
2 .  Which is  t h e  o p t i m a l  energy  supp ly  f o r  an  i n f i n i t e  
t ime o f  u s e  ( i . e .  t h a t  i s  o p t i m a l  f o r  a t i m e  p e r i o d  
o f  one o r  two thousand y e a r s ) ?  Th i s  does  n o t  a t  
f i r s t  s i g h t  seem t o  be  a  r e a l i s t i c  problem, b u t  i t  
o n l y  a p p e a r s  t o  be t h a t  way, because ,  i f  yon come 
i n t o  h i g h  r a t e s  of u s e ,  e i t h e r  you u s e  s o l a r  energy  
and geothermal  energy  o r  you p i l e  up s o  much w a s t e  
t h a t  you have t o  g i v e  up  t h e  u s e  of c e r t a i n  o t h e r  k i n d s  
of  ene rgy .  
3 .  The problem i s  not  t o  minimize t h e  occurence of 
f a i l u r e  of an energy system b u t  t o  minimize t h e  c o s t  
of f a i l u r e  of an energy system. This problem o r i g i -  
n a t e s  because t h e  c o s t  of f a i l f i r e  of r e a c t o r s  i s  
becoming very high and pu t  a  very  high demand on t h e  
resea rch  c a p a b i l i t y  of i n s t i t u t i o n s  and a l s o  on 
t h e  i n f a l l i b i l i t y  of humans and of s o c i a l  systems. 
We a r e  n o t  accustomed t o  t h a t ,  s i n c e  we have no t  
experienced such a  problem h i s t o r i c a l l y ;  due t o  t h i s  
f a c t  it would be more opt imal  t o  f i n d  energy systems 
which can  f a i l ,  yes ,  bu t  of which t h e  c o s t  of f a i l u r e  
can be absorbed by s o c i e t y .  
Conclusion of  t h e  Energy P r o j e c t  Leader 
Some of you may be under t h e  impress ion  t h a t  mathemat ica l  
model l ing  of  ene rgy  demand and supp ly ,  a s  d i s c u s s e d  d u r i n g  
t h e s e  two days ,  i s  t h e  major  t h r u s t  of  t h e  energy  p r o j e c t .  
That  i s  t r u e  on ly  t o  some e x t e n t .  To p u t  t h i s  e f f o r t  i n t o  
p e r s p e c t i v e  I would l i k e  t o  g i v e  you t h e  background of t h e  
energy  p r o j e c t .  
1- Eva lua t ion  of s t r a t e g i e s  f o r  a  t r a n s i t i o n  from f o s s i l  
t o  n u c l e a r  f u e l s .  (Th i s  p r o j e c t  by Manne and ~ g f e l e  i s  due 
t o  b e  completed s h o r t l y  b u t  t h e r e  may be fol low-ups.)  
2- H e u r i s t i c a l  a t t e m p t  a t  a  comprehensive d e s c r i p t i o n  
of  t h e  n u c l e a r  o p t i o n  ( a lmos t  comple te- - la rge ly  i n v o l v e s  
e x p e c t a t i o n  v a l u e s  b u t  w i l l  employ u t i l i t i e s  t h e o r y ) .  
3- S o l a r  o p t i o n  and i d e n t i f i c a t i o n  of p o s s i b l e  s t r a t e g i e s ,  
c o n s i d e r i n g  expected  s i d e  e f f e c t s  and a  ba lanced approach.  
4- Use of  u t i l i t y  t heo ry  f o r  a  comparison of t h o s e  two 
o p t i o n s ,  w i t h  t h e  aim of  i d e n t i f y i n g  t h e  subs t ance  of  t h a t  
p a r t i c u l a r  comparison and of e s t a b l i s h i n g  t h e  method of  
comparing t h i n g s  t h a t  g e n e r a l l y  canno t  be  compared. 
5- I n v e s t i g a t i o n s  i n t o  t h e  c l i m a t i c  e f f e c t s  and t h e  
i d e n t i f i c a t i o n  of  t h e  i n t e r f a c e  between energy and wa te r ;  
i . e .  l a r g e l y  a  q u e s t i o n  of t h e  m o i s t u r e  c y c l e  i n  wa te r  and 
of s e n s i t i v e  s p o t s  on t h e  g lobe  s u i t e d  f o r  e s t a b l i s h i n g  
l a r g e  pr imary  energy  pa rks .  
6- Work on resources- -s tudy o f  price/amount r e l a t i o n  
and s i d e  e f f e c t s  n o t  y e t  f u l l y  c o n s i d e r e d ,  e .g .  t h e  amount 
of  was t e  and d e b r i s  i n  h a r v e s t i n g  s h a l e  o i l ,  e t c .  (Coopera t ion  
wi th  t h e  I n t e r n a t i o n a l  Atomic Energy Agency d e s i r e d . )  
7- I n v e s t i g a t i o n  of r i s k s  and s t a n d a r d s :  The method- 
o l o g i c a l  problem o f  how t o  d e a l  w i t h  r e s i d u a l  r i s k s ;  t h e  
c a u s a l  p rocedures  g i v i n g  rise t o  s t a n d a r d s .  R e l a t i o n s h i p  
between damage and p o l l u t i o n  r a t e s ,  and s t u d y  of t h e  q u e s t i o n  
o f  p u b l i c  acceptance--as impor t an t  an  i n g r e d i e n t  i n  
technology development a s  is  t h e  d e s i g n  of  a  good t r ans fo rmer .  
(Coopera t ion  w i t h  t h e  I n t e r n a t i o n a l  Atomic Energy Agency, and 
c l o s e l y  w i t h  t h e  Ecology P r o j e c t  because  o f  t h e  methodologica l  
q u e s t i o n  of r e s i l i e n c e  pa rame te r s .  Re la t ed  a c t i v i t i e s  cou ld  
f o c u s  on an o p t i m i z a t i o n  f u n c t i o n  of maximum r e s i l i e n c e .  ) 
8- Study of  t h e  s i t i n g  of n u c l e a r  power p l a n t s  v i s - a - v i s  
i n d u s t r i a l  f a c i l i t i e s  and urban  s e t t l e m e n t s  i n  g e n e r a l ,  which 
l e a d s  t o  n a t u r a l  i n t e r f a c e s  of energy  and wa te r  and eco logy  
and urban  s e t t l e m e n t .  The e f f o r t  o f  mathemat ica l  mode l l i ng  
of  energy  demand and supp ly  can  b e  s e e n  a g a i n s t  t h a t  back- 
ground.  Th i s  pe rhaps  i l l u s t r a t e s  why such  a  s e n s o r  i s  bad ly  
needed;  i n  f a c t ,  a n  adequa te  ene rgy  p o l i c y  s t r o n g l y  needs t o  
s e n s e  more f u l l y  t h e  r e a c t i o n s  of  economic/environmental  
changes.  
T h i s  b r i n g s  u s  t o  t h e  end of  t h e  two-day working semina r ,  
and I t hank  you a l l  ve ry  warmly f o r  your  a t t e n d a n c e  and v i t a l  
c o n t r i b u t i o n s .  I p e r s o n a l l y  f e e l  t h a t  I have b e n e f i t e d  a  l o t ,  
and I am v e r y  g r a t e f u l  t h a t  you have t a k e n  t h e  p a i n s  t o  
p r e p a r e  f o r  t h i s  con fe rence .  
Conclusion of the Institute Director 
H. Raiffa 
On behalf of IIASA I would like to thank the participants 
of this Seminar for their superb contributions. I found the 
papers fascinating and informative, and the discussions in the 
workshops lively and intellectually challenging. I would also 
like to take this opportunity to thank Drs. Hafele, Manne and 
Charpentier for their organizational skills in gathering here 
a fine representation of scholars interested in the important 
class of problems related to energy modelling. I also want to 
inform you that administrative arrangements for our conferences 
are handled by the Secretary of our Institute, Dr. Andrei Bykov, 
and his able assistant Miss Ilse Beckey. I am sure you will 
want to join me in thanking them. 
IIASA is now about 20 months old, but our scientific 
activities began only a scant ten months ago. IIASA is a 
unique experiment in international cooperation--it is ovbiously 
the creation of governments that are interested in closer 
scientific ties in peaceful pursuits, but at the same time it 
is formally a non-governmental institution. We are, as you 
know, sponsored not by governments, but by academies of sciences 
or similar prestigious research institutions. And being a non- 
governmental institution we can probe issues that may be too 
delicate for official bodies to consider. We also can act on 
a time schedule that is the envy of intergovernmental U.N. 
agencies. 
Quite frankly, no one of us knows exactly what we can and 
cannot do; what worldly issues are too delicate for this fledg- 
ling Institute to investigate. But we can experiment, and we 
can try to find that unique role and identity for IIASA that 
will best contribute to progress toward a better world in the 
future. 
I feel confident that IIASA can play a significant role 
as catalyst, disseminator, broker and initiator of research 
ideas. In all these endeavors we must exploit our peculiar 
position. First, we are truly interdisciplinary; we should 
bring our various research projects closer together over time, 
and in so doing take an integrated, systematic approach to 
complex problems of global or universal importance. Second, 
throughout our history (both before and after our charter was 
signed), in planning as well as execution, we have had the in- 
puts of specialists from socialist, non-socialist and mixed 
economies.  T h i r d ,  we can  u s e  t h e  backing  of t h e  t h i r t e e n  ad-  
h e r i n g  i n s t i t u t i o n s  which s u p p o r t  u s  t o  i d e n t i f y ,  and l u r e  h e r e ,  
o u t s t a n d i n g  s c h o l a r s  from academia,  from r e s e a r c h  i n s t i t u t e s  
and from indus t ry , .  F o u r t h ,  a s  we become more and more c r e d i b l e  
a s  a r e s e a r c h  i n s t i t u t e  i n  ou r  own r i g h t ,  we shou ld  be  a b l e  
t o  cement bonds w i t h  o t h e r  i n s t i t u t e s  i n  c o l l a b o r a t i v e  r e s e a r c h  
e f fo r t s - -we  should  be p a r t  of a world-wide r e s e a r c h  network.  
I f e e l  we a r e  indeed  f o r t u n a t e  i n  having  P r o f e s s o r  Hafe l e  
a s  t h e  l e a d e r  of o u r  Energy P r o j e c t .  He has  a t t r a c t e d  h e r e  a 
t r u l y  i n t e r n a t i o n a l  team of r e s e a r c h  s c h o l a r s .  T h i s  working 
c o n f e r e n c e  h a s  he lped  u s  i n  s e v e r a l  ways. F i r s t ,  I b e l i e v e  
we a r e  f u l f i l l i n g  one of ou r  a s p i r a t i o n s :  t h e  e f f e c t i v e  d i s -  
s emina t ion  of i n f o r m a t i o n ;  second,  we have g e n e r a t e d  i d e a s  t h a t  
w i l l  i n f l u e n c e  o u r  r e s e a r c h  program; b u t  most i m p o r t a n t l y  we 
have b rough t  a g roup  of s c i e n t i s t s  h e r e  from d i f f e r e n t  c u l t u r e s  
b u t  w i t h  s i m i l a r  r e s e a r c h  i n t e r e s t s ,  and some of t h e  p e r s o n a l  
c o n t a c t s  made h e r e  i n  Laxenburg might  f l o u r i s h  i n  t h e  f u t u r e .  
I n  c l o s i n g ,  l e t  me thank  each  of you f o r  t a k i n g  t i m e  o u t  
from your  busy schedu le s  t o  p a r t i c i p a t e  i n  t h i s  Seminar. I 
hope t h a t  it was a s  rewarding f o r  you a s  it h a s  been f o r  u s .  
We s i n c e r e l y  hope t h a t  many of you w i l l  c o n t i n u e  you c o n t a c t s  
w i t h  IIASA. 
